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1
Introduction
We present a non-technical overview of this thesis. After provid-
ing a general background and motivations for this work, we review
the main subject and discuss the challenges one would like to face.
Finally, we provide an outline of the following chapters.
1
2 Introduction
1.1 Scientific background
Nature is beautifully various. This is one of the most evident features one
may notice of the objects and phenomena surrounding us. Specifically, the
scales involved in the natural processes are very diverse. The size of an
atom is around 1036 times smaller than the typical diameter of a galaxy.
The energy stored in a usual alkaline AA battery is around 20 orders of
magnitudes smaller than the total energy released by the Sun in one second.
An interesting aspect of this diversity is that, in order to extract informa-
tion on a specific physical system, we can usually focus just on the relevant
scale of that process. An astrophysicist, studying the motion of a planet,
does not need to know about the quantum effects governing the behavior
of the single atoms composing the body. Similarly, if we want to study the
properties of molecules we will not take into account the gravitational effects
of those, because just too small and, hence, negligible.
Technically speaking, one uses an effective theory that must be valid up
to a critical energy scale. This way to proceed has been always used in a huge
variety of contexts (e.g. in hydrodynamics or thermodynamics, one does not
resolve the behavior of the single atoms). However, just in the 70’s, the
Nobel laureate Wilson formalized such a method [1, 2]. The high-energy or
UV degrees of freedom can affect the effective low-energy theory but they are
usually suppressed by inverse powers of the typical UV scale. The effective
theory can be seen as an expansion in 1/M , where M is the typical scale
of the UV theory. If we probe energies E smaller than M , we are not able
to resolve the UV degrees of freedom since they are usually suppressed by
powers of E/M . In the limit E  M , one can usually forget of the physics
happening at energy scales close to M .
The history of physics is full of examples, one of the most famous being the
electroweak theory of the Standard Model replacing Fermi theory at energies
around 100 GeV.
Something similar happens with any quantum field theory coupled to
gravity, when the latter is described by General Relativity (GR). In fact,
Einstein’s theory of gravitation predicts its own breakdown at the Planck
scale, which is equal to
MPl ≡
√
~c
8piG = 2.4× 10
18 GeV , (1.1)
where c is the speed of light, ~ is the reduced Planck constant and G is the
gravitational constant. This is the energy scale around which a quantum
formulation of the gravitational interaction should come into play. A theory
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of quantum gravity is indeed needed whenever this force acts on tiny distances
and at very high energies. Important examples of such circumstances include
the very first moments of the Universe and the interior of black holes.
The last century has seen much effort in the direction of unifying grav-
ity and quantum mechanics in a unique and solid physics framework. The
approaches and research lines have been several with rather different per-
spectives (see e.g. [3,4]). Nonetheless, they have yielded very interesting and
useful insights into the generic properties this ultimate theory should exhibit.
The quest for a consistent theory of quantum gravity, and for an observa-
tional test of it, has become arguably the greatest theoretical challenge in
fundamental physics.
One of the most promising candidate scenarios has turned out to be string
theory [5–8]. This has been put forward to give a proper description of physics
at really short scales and a unifying view of Nature. However, despite the
advanced level of mathematical tools developed, the accumulated results have
struggled to get in touch with the observations. The fundamental reason is
because of the extremely high energies involved in typical quantum gravity
processes. The Planck scale (1.1) is indeed around 14 orders of magnitude
greater than the highest energies we can currently reach on Earth at the Large
Hadron Collider (LHC). Quantum gravity simply occupies the top place in
the hierarchy of the energy scales present in Nature, as it is schematically
shown in Fig. 1.1.
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Figure 1.1
Hierarchy of energy scales with typical Feynman diagrams.
Inflation happens just some orders below the Planck scale.
Any physical process happening at scales lower thanMPl is usually insen-
sitive to quantum gravity effects, in line with the general effective behaviour
described above. Nevertheless, there is an exception to this common rule:
this is inflation, the primordial phase of accelerated expansion which gave
4 Introduction
the effective start to our cosmic history and which constitutes the main sub-
ject of the present thesis. This phenomenon indeed exhibits a peculiar UV-
sensitivity to Planck degrees of freedom although its energy scale is expected
to be some orders below. This represents one of the main motivations for this
work. We will explain some of the most basic aspects here in the following.
1.2 Main subject and challenges
In the 80’s, Guth, Linde and others [9–11] revolutionized the field of cos-
mology when they first proposed the inflationary paradigm as solution to
longstanding problems in the standard scenario. Through inflation, the Uni-
verse naturally becomes flat, homogeneous and isotropic, just as we observe
today in the distribution of radiation and matter in the sky. This has been
measured and analysed with unprecedented accuracy by experiments such as
Planck [12–14] and the Sloan Digital Sky Survey (SDSS) [15,16]. Strikingly,
the observed pattern still preserves the imprints of those initial quantum per-
turbations set by inflation. These are nothing but the seeds which ultimately
evolve into the stars and all the cosmic structures we see around us.
The inflationary phase acts as a natural amplifier connecting the world of
the very small, determined by the laws of quantum mechanics, with that of
the very large, obeying Einstein’s theory of gravity. It provides the sole exam-
ple in physics where genuine quantum effects become that large to be visible
to the naked eye. There are indeed two direct consequences of inflation:
• First of all, it induces perturbations on the primordial plasma of pho-
tons and baryons. The associated temperature thus presents charac-
teristic fluctuations over the average value. The famous picture of the
temperature anisotropy in the cosmic microwave background (CMB)
radiation is simply the clearest evidence of this remarkable stretching
of quantum effects.
• Secondly, it produces ripples in the space-time fabric. These so-called
primordial gravitational waves currently constitute the research target
of several operating and planned experiments (e.g. KECK [17], BICEP3
[18] and POLARBEAR [19]). After hearing the echoes of two colliding
black holes thanks to the LIGO collaboration [20], looking for the echoes
of the big bang seems indeed to be the natural next step.
The study of the primordial Universe thus provides a unique window onto
the smallest scales of Nature. Today, thanks to remarkable developments on
the experimental side, we can basically probe scales orders of magnitudes
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above the limits of the currently operating particle colliders. The interplay
between theory and observation has become more concrete than ever.
Inflation definitively offers the best chance we have to probe regions where
quantum gravity effects become manifest. The underlying reason is the fol-
lowing: even though the typical energy should be some orders below the
Planck scale (we will explain this in detail in Ch. 3), the duration of the
inflationary expansion and the way this accelerates strongly depend on grav-
ity’s quantum mechanical features. Therefore, Planck degrees of freedom
easily enter the low effective action of inflation thus generically spoiling its
dynamics. In the parametrization of inflation by means of a scalar field φ,
this situation becomes even worse when its range exceeds Planckian values,
that is, ∆φ > MPl (we will analyse the properties of this important variable
in Ch. 4). This so-called UV-sensitivity thus not merely allows but requires
investigating inflation within a quantum gravity framework.
String theory seems to offer the proper machinery to have best control
over these UV-interactions. The grand challenge is then constructing a proper
embedding of inflation into this complete framework of physics (see [21] for
a recent review on this topic). Achieving this would shed light on the mi-
croscopic mechanism of this primordial phase as well as providing a very
important test for string theory. Nevertheless, the route towards this goal
has turned out to be dotted with many obstacles and we still lack a solid
theoretical underpinning for this phenomenon.
Focusing on effective limits of string theory and extracting universal prop-
erties has proved to be very successful in terms of investigation and compar-
ison with the experimental data. Studying the generic mechanism beyond
the particular details (e.g. number of fields involved, mechanism to end infla-
tion, value of the current acceleration and others) of a large class of models
becomes a powerful tool in order to better define the path towards this final
understanding. This is the approach we will be taking in the rest of the
thesis.
1.3 Outline of the thesis
The present work intends to build on and go beyond the ideas presented
above. It aims to explore generic features of inflation which appears inti-
mately related to fundamental aspects of quantum gravity. The outline of
the thesis is as follows:
• Chapters 2 and 3 contain basic material which will set the stage for
the following research investigation. This includes the standard cos-
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mological scenario, its shortcomings and the inflationary paradigm as a
solution to these. In addition, we present the latest constrains provided
by Planck and discuss their implications on the dynamics of inflation.
Although these topics are usually covered in most of the available cos-
mology books and lecture notes (see e.g. [22–26] ), we present our own
perspective and set the notation being used afterwards.
• Chapter 4 is devoted to discussing the small sensitivity CMB observa-
tions have to the entire period of the inflationary expansion. Neverthe-
less, we show that it is possible to extract universality properties of the
fundamental dynamics and still yield very stringent bounds on the ob-
servational predictions. Specifically, we will be interested in analysing
the behaviour of the inflationary field range ∆φ, whose properties are
of utmost importance for the consistency of an effective description of
inflation.
• In Chapter 5, we discuss the embedding of the inflationary scenario
into supergravity, seen as an effective limit of string theory. We high-
light how very general properties regarding the geometry of the internal
moduli space and the directions of supersymmetry breaking can highly
constrain the physics of inflation. Remarkably, non-trivial hyperbolic
Kähler geometries, naturally arising in string theory, lead to the con-
cept of attractors: the specific details of the model get washed out and
the observational predictions all converge towards a single value.
• Finally, in Chapter 6, we discuss the implications of building a unified
framework for inflation and dark energy, in the context of supergrav-
ity. The inclusion of a nilpotent sector will considerably simplify the
underlying construction thus yielding to remarkable flexibility in terms
of the cosmological predictions. The case of hyperbolic Kähler geome-
try is again special as one can show that unifying early- and late-time
acceleration basically enhances the attractor property of the system.
At the beginning of every chapter, we provide an abstract which gives
an overview of the content and of the main results. These are based on the
works [iii]-[x] of the List of Publications. Throughout the following, we will
work in reduced Planck mass units and then set MPl = 1.
2
Standard Cosmology
In this chapter, we introduce the reader to the basic ingredients
of the standard cosmological model. This perfectly describes the
evolution of our Universe from few moments after the so-called
“Big Bang” up to now. We start the discussion with Hubble’s
discovery of the cosmic expansion which gave the start to the de-
velopment of this standard scenario. A proper embedding of these
ideas within the language of general relativity is certainly needed.
Then, we present the fundamental tools of relativistic cosmology,
specify the geometry of our Universe, its matter-energy content
and the cosmic dynamics encoded in the Friedmann equations.
Finally, we discuss the main shortcomings which represent a se-
rious threat to the physics of this model.
7
8 Standard Cosmology
2.1 The expanding Universe
Cosmology is a very old subject. Throughout millennia, humans have looked
up to the sky and tried to decipher our Universe. The cosmic picture has
changed several times. However, something radical happened in the second
quarter of the 20th century. A simple astronomical observation has revolu-
tionized the way we understand the Universe as a whole, and has given rise
to the subsequent establishment of cosmology as a science.
In 1929 the astronomer Edwin Hubble observed the recession of different
galaxies from us [27] with velocity equal to
v = H(t)d , (2.1)
with d being the physical distance from our observational point and H a
proportionality parameter. The formula (2.1) is often refereed to as “Hubble
law” and it has been tested along the years with increasing accuracy, as shown
in Fig. 2.1.
Figure 2.1
Hubble diagrams (as replotted in [28]) showing the relationship between recession velocities
and distances of several astronomical objects. The left panel presents Hubble’s original
measurements [27]. The right panel shows more recent data of very distant objects [29,30].
The Hubble parameter H is assumed to be dependent just on time. The
independence on the space coordinates simply reflects the very old idea that
we do not occupy any special place in the Universe (this is the so-called cos-
mological principle); any observer would see the astronomical bodies moving
away with velocity equal to (2.1).
This empirical observation was almost immediately interpreted as first
evidence that we live in a dynamical Universe whose physical size is growing
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with time. Every object would move away from each other as the effect of
the expansion of the space itself. The latter is encoded in the evolution of
so-called scale factor a(t) such that the physical distance can be rewritten as
d = a(t)x , (2.2)
with x being the comoving distance and decoupled from the effect of the
expansion.
In order to better visualize the situation, we could imagine the spacetime
texture as an expanding grid where objects are fixed on (i.e. at constant co-
moving coordinates) and still recede from each other as the effect of a growing
scale factor. In a realistic description of the Universe, we need to assume also
a non-zero peculiar velocity (corresponding to x˙ 6= 0, with the overdot de-
noting a time derivative); local gravitational inhomogeneities would indeed
contrast the global expansion and, then, induce such effects. However, at
very large distances, this can be neglected as the biggest contribution comes
from the recessional component. In an expanding Universe, typical scales,
e.g. the wavelength λ of a photon, will increase as λ ∝ a as the expansion
proceeds. However, the comoving wavelenght λ/a will remain constant in
time, if no other external process occurs (see Fig. 2.2).
 
 
  timetime
Figure 2.2
The expanding Universe with a typical scale λ. The grid schematically represents
comoving coordinates which do not change with time. Physical distances increase
proportionally to the scale factor a(t).
The expansion rate of the Universe is thus described by the Hubble pa-
rameter, defined as
H(t) ≡ a˙(t)
a(t) , (2.3)
generically dependent on the particular cosmic era. Its numerical value can
be simply obtained by measuring the ratio between the recessional velocities
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and the distances of astronomical objects such as Cepheid variables or Type
IA supernovae (these provide a reliable estimate of astronomical distances).
Its current value is given by
H0 = 100h km sec−1 Mpc−1 (2.4)
where
h = 0.678± 0.009 (68%CL) , (2.5)
as given by Planck2015 [13], combining information on the temperature spec-
trum, on the polarization spectra at low multipoles and on lensing reconstruc-
tion.
The value of the Hubble parameter can give us a quite good estimate
of the age of our Universe. Specifically, in a very simplified model, we can
extract a rough value of the time passed since everything was concentrated on
a point (the so-called “Big Bang”). If we indeed assume a constant recession
velocity v and neglect the effect of gravity, we obtain that points, separated
by a distance d today, were in contact at the time t ' d/v = 1/H. Plugging
the current measurements (2.4) and (2.5) in, we obtain t0 ' 14.4 Gyr. This
value is not far from the more precise estimate given by Planck2015
t0 = 13.799± 0.038 Gyr (68%CL) , (2.6)
which takes the different matter-energy contributions at any cosmic era into
account.
It is interesting to notice how the value of the current Hubble parameter
H0 has changed during the last century (Fig. 2.3 shows this evolution) due
to the increasing accuracy of our measurements. Curiously, the first esti-
mates given by Hubble were leading to a very low estimate for the age of
the Universe in contradiction with other astronomical evidences, such as the
age of the Earth inferred from radioactive decay. This embarrassing conflict
contributed to initially discard the interpretation of Hubble’s observation as
evidence for the cosmic expansion [31].
Hubble’s discovery and the consequent idea of the expanding Universe
led to the development of the standard model of Big Bang cosmology, whose
predictions are in excellent agreement with observations. Despite the name,
the model says nothing about the Big Bang which remains a mathematical
singularity as well as an unsolved physical question. On the other hand, it
furnishes a clear and precise picture of the cosmic evolution from a few sec-
onds after this mysterious start: the temperature decreases as the expansion
of the Universe proceeds, light elements form during a process called Big
Bang Nucleosynthesis (BBN), recombination of nuclei and electrons takes
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Figure 2.3
Evolution of the estimates of the current Hubble parameter H0 during the last century.
place followed by the last scattering of photons which freely reach us today
as cosmic microwave background (CMB) radiation, observed in the sky at
the temperature T = 2.73 K.
Although the model has had many successful experimental confirmations,
it contains some serious theoretical shortcomings which can be better under-
stood once we know the geometric and dynamical properties of the Universe
we live in.
2.2 Relativistic cosmology
Prior to Hubble’s discovery, Einstein had already noticed that a genuine
prediction of his newly born theory of general relativity was a non-static
Universe. Puzzled by its cosmological implications, in 1917 he decided to
augment his equations with a specific cosmological constant [32] in order to
avoid such a phenomenon. However, Hubble’s observation and the conse-
quent interpretation confirmed that we do live in a non-static Universe.
A dynamical Universe is indeed what comes naturally from Einstein the-
ory of gravity which relates the geometry of spacetime to its matter-energy
content, through the field equations
Gµν = Tµν . (2.7)
The Einstein tensor is defined as
Gµν ≡ Rµν − 12gµνR , (2.8)
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where Rµν and R are respectively the Ricci tensor and the Ricci scalar de-
pending on the metric gµν and its derivatives. The energy-momentum tensor
is defined as
Tµν ≡ gµνLm − 2∂Lm
∂gµν
, (2.9)
where Lm is the matter Lagrangian.
In the following, we discuss the implication of assuming some natural
symmetries dictated by observations both for the metric and for the matter
source.
2.2.1 Homogeneity and isotropy
The homogeneity and isotropy of our Universe at large scales (> 100 Mpc)
has always been taken as a reasonable assumption, known as the cosmological
principle. This has been mainly driven by the simple idea that we do not
occupy any special place in the cosmos. In addition, it has been beautifully
confirmed by several recent cosmological observations, specifically the ones
concerning the distribution of galaxies at large scales, shown in Fig. 2.4, and
the all-sky map of the CMB radiation. Pushing our observations to large
distances simply means looking back in time. Then, the basic picture is
the one of a very isotropic and homogeneous initial state which, during its
evolution, has developed the cosmic structures we observe today in the sky
as the result of gravitational instabilities.
Assuming these fundamental symmetries imposes stringent constraints on
the form of both sides of Eq. (2.7) as we will see below.
FLRW metric
Homogeneity and isotropy highly restricts the possibilities of the spatial
metric. The most general class is represented by the Friedmann-Lemaître-
Robertson-Walker (FLRW) solution which, written in terms of polar spherical
coordinates (r, θ, σ), reads
ds2 = −dt2 + a(t)2
[
dr2
1− κr2 + r
2(dθ2 + sin2 θ dσ2)
]
. (2.10)
The scale factor a(t) sets the physical distances among objects and can vary
with respect to the cosmic time t (the proper time as measured by a comoving
observer at constant spatial coordinates) allowing, then, for an expanding
Universe. The coordinates (r, θ, σ) reflect the symmetries assumed and are
called comoving, as they are decoupled from the effect of the expansion.
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Figure 2.4
2-degree Field Galaxy Redshift Survey (2dFGRS) map [33].
The distribution of the cosmic structures is quite irregular at small distances but becomes
more uniform towards the past and, then, at large scales.
The assumed symmetries still allow for a constant curvature of the 3-dimensional
spatial slices which can correspond to an open, flat or closed Universe, re-
spectively parametrized by κ = −1, 0, 1. These hypersurfaces are the natural
spatial slices at any constant time. The homogeneous evolution allows us
indeed to use a universal clock at each point. However, being the time co-
ordinate not a physical time, one may adopt other parametrizations. A very
useful one is characterized by defining the conformal time τ , such as
dτ ≡ dt
a(t) , (2.11)
which brings Eq. (2.10) into
ds2 = a(τ)2
[
−dτ2 + dr
2
1− κr2 + r
2(dθ2 + sin2 θ dσ2)
]
. (2.12)
It is possible to further simplify the metric by introducing a new radial co-
ordinate χ, defined as
dχ ≡ dr√
1− κr2 , (2.13)
through which we may rewrite Eq. (2.12) as
ds2 = a(τ)2
[
−dτ2 + dχ2 + S2κ(χ)(dθ2 + sin2 θ dσ2)
]
, (2.14)
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where
Sκ(χ) ≡

sinhχ, κ = −1
χ, κ = 0
sinχ κ = 1
(2.15)
This particular gauge choice simplifies the description of the causal struc-
ture of the FLRWmetric: the propagation of light is the same as in Minkowski
space and takes place diagonally (at 45 degrees) in the (χ, τ) plane.
Perfect fluid
It is possible to show that the stress-energy tensor Tµν , compatible with such
homogeneity and isotropy, is the one of a perfect fluid (this is well explained
in [25]), that is
Tµν = diag(−ρ, p, p, p) , (2.16)
where ρ is the energy density and p the pressure as measured in the rest
frame of the fluid.
2.2.2 Friedmann equations and the cosmic history
After specifying both sides of Eq. (2.7), we can extract the cosmic dynam-
ics of a FLRW universe. Due to the symmetries assumed, the independent
equations turn out to be two, which are known as Friedmann equations and
read
H2 =
(
a˙
a
)2
= ρ3 −
κ
a2
, (2.17)
H2 + H˙ = a¨
a
= −16(ρ+ 3p) , (2.18)
where dots denote derivatives with respect to the time t and H is defined by
Eq. (2.3).
In order to extract the evolution of the scale factor a(t), one must specify
the type of matter and solve Eq. (2.17) and Eq. (2.18). In fact, these two
equations can be combined into the continuity equation
ρ˙+ 3H(ρ+ p) = 0 , (2.19)
which, alternatively, can be also derived from the condition of energy conser-
vation ∇µTµν = 0. Depending on the relation between energy density and
pressure, dictated by the equation of state parameter
p = wρ , (2.20)
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we obtain the following scaling for the energy density
ρ ∝ a−3(1+w) , (2.21)
which, plugged back into Eq. (2.17), yields
a(t) ∝
t
2
3(1+w) , w 6= −1
eHt, w = −1 (2.22)
in the case of flat curvature (κ = 0). The parameter w can be assumed to
be constant and depends on the specific species filling the Universe at any
epoch:
• Matter, or any pressureless species where the kinetic energy is negligible
with respect to the mass (that is non-relativistic matter, e.g. baryons
or dark matter), is characterized by w = 0. One has ρ ∝ a−3 and
a Universe dominated by matter will have a scaling a ∝ t2/3. This
fact is quite intuitive as this type of matter is the one we are most
familiar with. The scaling can be easily understood by the following
argument. Imagine a cubic portion of the expanding Universe of volume
V (t) = L3 = [a(t)X]3 where L and X are respectively the physical and
the comoving length of one side of the cube. When this is filled with
ordinary matter, the energy will be basically determined by the mass
thus having no scaling with respect to the physical volume. The energy
density being equal to ρ = E/V will have the expected scaling with
respect to the scale factor a(t). This situation is shown in Fig. 2.5.
time
L1 = a(t1)X
L2 = a(t2)X
Figure 2.5
Non-relativistic matter in a cubic portion of the expanding Universe. While the
length of the side increases with time (L1 > L2), the matter content gets diluted and
the energy density scale as ρ ∝ a−3.
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• Radiation, or any species with dominating kinetic energy (that is rela-
tivistic matter, e.g. photons or neutrinos), is characterized by w = 1/3.
The energy density scales as ρ ∝ a−4 which implies that a Universe
dominated by such type of matter expands as a ∝ t1/2. One can under-
stand the scaling of the energy density by means of an analogous picture
to the one above. Imagining the cubic portion filled with photons, now
the main difference is that the energy is equal to E = 2pi/λ (~ = c = 1)
thus scaling as the inverse of the wavelength λ. The latter is a physi-
cal length linearly depending on the scale factor (see Fig. 2.6) and this
provides the quartic power in the scaling of ρ.
time
L1 = a(t1)X
L2 = a(t2)X
  / a(t1)
  / a(t2)
Figure 2.6
Radiation in a cubic portion of the expanding Universe. The length of the side
increases with time (L1 > L2) proportionally to the scale factor a(t) as well as the
photon wavelength λ. Consequently the energy density scale as ρ ∝ a−4.
• Dark energy, the mysterious component dominating the Universe nowa-
days, is characterized by w = −1 (when described by a cosmological con-
stant) with negative pressure and constant energy density. A Universe
dominated by that will expand exponentially as given by Eq. (2.22).
This situation is quite counterintuitive if we want to draw an analogy
with the cases above. If we indeed imagine this component filling a part
of our Universe, new dark energy “atoms” must necessarily appear out
of nothing during the expansion, in order to keep the energy density
constant (this is shown in Fig. 2.7) .
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time
L1 = a(t1)X
L2 = a(t2)X
Figure 2.7
Dark energy in a cubic portion of the expanding Universe. While the length of the
side increases with time (L1 > L2), new dark energy “atoms” appear in order to
mantain a constant energy density.
In standard cosmology, therefore, the history of the Universe is charac-
terized by early times dominated by radiation, a moment of matter-radiation
equality and subsequent domination of matter. Just recently we have en-
tered an era in which dark energy constitutes most of the total energy in the
Universe, at present 68.3% of the entire content. This evolution is shown in
Fig. 2.8.
Finally, one may write the Friedmann equation in a form which is better
for the discussion of the shortcomings affecting the standard cosmological
model. By looking at Eq. (2.17), one may define, at any time, a critical
energy density
ρc ≡ 3H2 (2.23)
corresponding to a perfect flat sectional curvature κ = 0. After normalizing
all energy densities as
Ωi ≡ ρi
ρc
, (2.24)
one can rewrite Eq. (2.17) as
Ω ≡
∑
i
Ωi = 1 +
κ
(aH)2 . (2.25)
where the index i runs over the different matter-energy species.
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dark energy
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matter
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radiation
radiation domination
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today
ln⌦i
ln a ln t
Figure 2.8
Standard evolution of the energiy densities (left panel) and the scale factor (right
panel) in logarithmic scales. According to the standard cosmological model, going
back in time, the Universe becomes radiation dominated and the scale factor
shrinks up to a singular point a = 0, commonly called “Big Bang”.
2.3 Big Bang shortcomings
According to what we have presented in the previous section, the Universe,
for most of its evolution, has been dominated by non-relativistic matter and
radiation satisfying the strong energy condition (SEC)
1 + 3w ≥ 0 . (2.26)
Specifically, just after the Big Bang (corresponding to the singularity a =
0), the standard picture sees the cosmos mostly filled with radiation (see
Fig. 2.8). In the following, we will discuss the problematic consequences of
assuming these familiar matter sources up to the beginning of the cosmic
history.
2.3.1 Flatness problem
In standard cosmology, an expanding Universe is naturally driven away from
flatness. This can be well understood by differentiating Eq. (2.25), that is
Ω˙ = HΩ (Ω− 1) (1 + 3w) , (2.27)
which can be rewritten as
d|Ω− 1|
d ln a = Ω|Ω− 1|(1 + 3w) . (2.28)
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A Universe with a growing scale factor a(t) that is dominated by ordinary
matter (subject to the strong energy condition 1 + 3w ≥ 0 ) therefore has
Ω = 1 as an unstable fixed point as displayed in Fig. 2.9.
1
⌦
a
Figure 2.9
Evolution of the total energy density in standard cosmology. The point Ω = 1,
corresponding to flat curvature, is a repeller.
This is exactly what happens in the standard cosmological picture where
the Universe has been dominated by such type of energy from the beginning
until the present time, as shown in Fig. 2.8. A Universe starting with generic
initial curvature is driven away from flatness during its evolution. The same
conclusion can be reached by looking at Eq. (2.25) and noticing that, in a
Universe filled with radiation or matter, the sum of the energy densities Ωi
diverges from unity as the quantity (aH)−1 increases with time.
The surprise comes with cosmological observations that suggest that the
Universe today must be flat with extreme accuracy. Specifically, the latest
Planck data combined with BAO give
|Ω− 1| = 0.000± 0.005 (95%CL) . (2.29)
This implies that, going back in time, the curvature of the Universe should
have been even closer to perfect flatness: at the BBN epoch |Ω− 1| . 10−16,
at the Planck scale |Ω − 1| . 10−64. Generally, such an incredible amount
of fine-tuning for the initial conditions of the Universe makes physicists un-
comfortable. A dynamical explanation of what we observe today would be
certainly more desirable.
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2.3.2 Horizon problem
Given a space-time, the scale of causal physics is set by null geodesics, being
the paths of photons. In a FLRW Universe, with flat curvature, radial null
geodesics (i.e. at constant θ and φ) are defined as
ds2 = −dt2 + a(t)2dr2 = 0 ⇒ dr = ± dt
a(t) ≡ ±dτ (2.30)
where, in the last step, we have used the conformal time τ defined in Eq. (2.11).
If we assume the standard picture given by Fig. 2.8, the Universe was
dominated by ordinary matter with state parameter w > −1/3 for most of
its evolution and, going back in time, the scale factor a(t) decreases up to the
singular point a(0) = 0. In this case there is a maximum distance to which an
observer, at a given time t0, can see a light-signal sent at t = 0. In comoving
coordinates, this is given by the so-called comoving particle horizon, that is
rph =
∫ t0
0
dt
a(t) =
∫ a0
0
(aH)−1d ln a . (2.31)
If the comoving distance between two particles is greater than rph, they
could have never talked to each other. Assuming Eq. (2.22) and integrating
Eq. (2.31), we get
rph ∼ a
1
2 (1+3w)
0 ∼ (a0H0)−1 . (2.32)
where the index “0” means calculated at time t = t0.
The quantity (aH)−1 is called comoving Hubble radius and determines the
distance over which one cannot communicate at a given time. It basically
fixes the causal structure of the space-time and its time-evolution is crucial
for the particle horizon in Eq. (2.31). The comoving Hubble radius and the
particle horizon are basically the same in standard cosmology, as one can
see from Eq. (2.32). However, we will see in the next Chapter that inflation
modifies this correspondence. This will make a crucial difference.
The resulting picture is that, in an expanding Universe filled with ordinary
matter, the horizon grows with time as given by Eq. (2.32). This means that
comoving scales entering the horizon today have been never in causal contact
before. These regions should look quite different from each others as they
could never exchange any information before.
The problem arises when we look at the largest scales we can observe
in the sky, such as CMB and LSS scales. Their homogeneity is not just re-
markable but very curious, according to the causal structure discussed above.
Specifically, the CMB radiation has the same temperature in any direction
we could look although the naive horizon scales would be just around one
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degree in the sky. How can this so-called horizon problem be explained? In
the next Chapter, we will present the inflationary paradigm as a solution to
this problem.
2.3.3 Additional challenges
The standard cosmological model contains other puzzling issues weakening
its robustness and internal consistency. Surprisingly these will find a solution
again in the next Chapter via inflation. We list these challenging problems
below.
Unwanted relics
Going back in time, near the Big Bang, the temperature increases and the
energy reaches values where UV-physics completion should play an impor-
tant role. According to different UV-physics scenarios, new objects might be
produced and their effect would survive until the present time, following the
standard cosmological evolution. Typical examples are the following:
• Magnetic monopoles, very massive objects with a net magnetic charge,
are copiously produced in the early Universe, according to most of grand
unified theories (GUT). Combining these predictions with the standard
cosmological model, Preskill [34] found that today its abundance would
be 12 orders higher than any other particle. This would have dramatic
consequences on the age of the Universe and, then, it is in clear contrast
with observations [35].
• The gravitino, the supersymmetric particle of the graviton, may ruin
the success of the BBN cause of its late-time decay.
• Topological defects, such as cosmic strings or domain walls, might bring
worrisome consequences for current observations.
Today we do not observe any direct effect due to the production of these
objects in the early Universe. An elegant explanation is provided by inflation
which simply dilutes their density to a very negligible level.
Homogeneity VS Inhomogeneities
It is very remarkable how the Universe is extremely homogeneous at large
scales while being very irregular and clumpy at small scales. However, the
standard picture of cosmology does not provide any compelling explanation
for the origin of this fundamental difference. Which is the origin of the
inhomogeneities over a very smooth background?

3
Inflationary Cosmology
This chapter is devoted to the inflationary paradigm as solution to
the standard cosmological puzzles discussed in the previous chapter.
We present the basic features of inflation, how this modifies the
causal structure of the space-time and its implementation through
a scalar field. Then, we discuss the implications of treating this
scenario quantum-mechanically: the zero-point fluctuations of the
inflaton field become the fundamental origin of those perturbations
we can measure in the sky in the form of the CMB temperature
anisotropies and primordial gravitational waves. In the end, we
present the latest Planck data which provide stringent constraints
on the fundamental dynamics of inflation.
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3.1 Inflation and the smooth background
The shortcomings of standard cosmology concern the initial conditions of
our Universe that require serious fine-tuning in order to reproduce what we
observe today. The flatness problem can be solved by assuming that the
initial value of the curvature was precisely flat. Similarly, in order to solve
the horizon problem, one should imagine at least 106 causally disconnected
spatial patches to have started their evolution exactly in the same physical
conditions, in particular at the same temperature and same magnitude of
perturbations. Postulating all this is possible but hardly attractive to a
physicist that aims to understand the very early Universe.
In order to do better, inflation was proposed in the 1980’s [9–11] to solve
these problems all at once. The fundamental idea is that the primordial
Universe underwent a finite phase of quasi-exponential expansion (similar to
the one we are experiencing nowadays with dark energy) which changed the
causal structure and how information propagates. As a bonus, one gets a
physical mechanism to explain the presence of very small inhomogeneities as
quantum fluctuations in the very early Universe; ultimately, these represent
the seeds for the large scale structures we observe in the sky.
3.1.1 Basic idea
Standard cosmology assumes that the early Universe was dominated by some
form of energy satisfying the strong energy condition ρ+3p ≥ 0, which implies
a decelerating phase of the scale factor, a¨ < 0, as dictated by Eq. (2.17). This
is at the core of both the flatness and horizon problems.
Inflation is nothing but inverting such a behavior and postulating a phase
of accelerated expansion such as
a¨ > 0 , (3.1)
which implies that the Universe was filled with some kind of matter with
negative pressure, satisfying
ρ+ 3p < 0 . (3.2)
The idea that, at very early times, neither matter nor radiation represented
the dominant components of energy is not in contrast with any well-tested
physical theory. In fact, the standard model of particles physics (SM) cannot
be assumed to work up to the first moments after the Big Bang, when energies
were several orders of magnitude higher than the domain of validity of the
SM (which extends up to around one TeV). Inflation lives off the idea that
something non-trivial might have happened due to high-energy physics.
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3.1.2 Decreasing Hubble radius
Interestingly, the condition Eq. (3.1) turns out to be equivalent to a decreas-
ing comoving Hubble radius
d
dt
(aH)−1 < 0 , (3.3)
which gives a deeper insight into the causal structure of a Universe undergoing
a phase of inflationary expansion. Typical scales, being initially inside the
horizon, leaves the radius of causal contact as inflation proceeds and the
Hubble radius (aH)−1 decreases. They start reentering the horizon when
inflation ends, the standard cosmological evolution progresses and (aH)−1
increases. This situation is illustrated in Fig. 3.1.
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Figure 3.1
The comoving Hubbe radius and a typical comoving scale as a function of the scale
factor. Due to the anomalous scaling of the comoving Hubble radius, which does
not remain constant in time as it happens for all typical scales, the zone of causal
physics change with time.
3.1.3 Quasi-de Sitter phase and Hubble flow functions
The rate of change of the Hubble radius with respect to the time t can be
expressed also as
d
dt
(aH)−1 = 1 − 1
a
, (3.4)
with
1 ≡ − H˙
H2
= d lnH
dN
, (3.5)
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and N being the number of e-folds defined as
dN ≡ d ln a = −Hdt , (3.6)
where we have assumed that N decreases as time progresses (one can find
also the opposite convention in literature). Then, inflation takes place as
long as
1 < 1 , (3.7)
which means that the Hubble parameter must vary very slowly in time. The
inflationary phase corresponds to a quasi-exponential expansion with H al-
most constant for the whole duration of the process. The extreme limit
1 = 0 is an exact de Sitter phase sourced by an pure cosmological constant
and then defined by Eq. (2.22) for w = −1. However, we know inflation must
end in order to give rise to the standard cosmological evolution. This point
is defined by 1 = 1.
In order to assure inflation to last long enough, thus solving the stan-
dard shortcomings, we define a second important parameter controlling the
duration of the process (in the next subsection, we quantify the amount of
inflation needed in order to solve the cosmological puzzles). This is1
2 ≡ d ln 1
dN
. (3.8)
The condition |2| < 1 basically means having a small fractional variation
of 1 which guarantees that inflation persists enough time.
We can further proceed constructing the entire tower of the so-called
Hubble flow functions i defined iteratively as [36,37]
i+1 ≡ d ln |i|
dN
, (3.9)
with the first of these quantities identical to the Hubble parameter, 0 = H.
3.1.4 Puzzles resolution and the amount of inflation
The horizon problem is solved if one allows for enough inflation such that
also the largest scales we observe in the sky today (CMB and LSS scales)
were inside the horizon at early times. Quantitatively, this means that the
1Unfortunately, in the scientific literature, there is no unique convention regarding the
symbols identifying the parameters which control the dynamics of inflation. Different au-
thors may assign different symbols to the same parameter. Specifically, 1 and 2 are often
referred to as  and η in other references (e.g. in [25]). However, throughout the thesis, we
will reserve the symbols  and η for the slow-roll parameters later introduced in Sec. 3.1.5.
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comoving scales of the observable Universe today (a0H0)−1 must fit inside
the comoving Hubble radius at the beginning of inflation (aiHi)−1, that is
(aiHi)−1 > (a0H0)−1 . (3.10)
The amount of inflation needed to allow for this resolution is conveniently
quantified by the number of e-folds N defined by Eq. (3.6) and determined by
the increase of the scale factor during inflation. Specifically, a total number
N & 50−60 suffices to explain the thermalization of the largest observational
scales at present.
A rough estimate can be obtained by assuming that the Universe has been
dominated mainly by radiation since the end of inflation (at that moment,
the comoving Hubble radius was equal to (aeHe)−1). This implies that the
Hubble parameter scales as H ∝ a−2. Then we have
a0H0
aeHe
∼ ae
a0
∼ T0
Te
∼ 10−28 , (3.11)
where we have assumed T0 = 10−3 eV, as the CMB temperature measured
today, and Te = 1015 GeV as the typical expected inflationary energy. Then,
Eq. (3.10) becomes
(aiHi)−1 > 1028(aeHe)−1 , (3.12)
which means that the Hubble radius had to shrink 28 orders magnitude
in order to solve the horizon problem. Since during inflation H is almost
constant, we have Hi ≈ He and then
ae
ai
> 1028 , (3.13)
which, using Eq. (3.6), implies
N > 64 . (3.14)
The flatness problem is overcome by means of the same mechanism. A
decreasing comoving Hubble radius (aH)−1 drives the value of the total en-
ergy density Ω to unity, providing a physical explanation for this apparently
fine-tuned configuration. After inflation, the curvature will start diverging
from Ω ≈ 1, as it happens in a Universe filled with ordinary matter. Inter-
estingly, the same amount of inflation needed to solve the horizon problem
is enough to explain the flatness we observe today. In fact, during inflation
we have
Ω− 1 = κ
2
(aH)2 ∝ e
−2N → 0 . (3.15)
The same number of e-folds quoted before would give the accuracy required
for the value observed today.
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3.1.5 Scalar field dynamics and slow-roll inflation
The Einstein equations tell us that inflation should be supported by some
form of matter with a negative pressure, as given by Eq. (3.2). However,
we are still left with the issue of identifying the origin of such an incredible
energy which led the scale factor to increase by an order of 1028.
The simplest example is to imagine that (a small portion of) the primor-
dial Universe is filled with a scalar field, often called inflaton field, minimally
coupled to gravity with Lagrangian
L = √−g
[
1
2R− 12gµν∂µφ ∂νφ− V (φ)
]
, (3.16)
leading to the energy-momentum tensor
Tµν = ∂µφ ∂νφ− gµν
[
1
2∂
σφ ∂σφ+ V (φ)
]
. (3.17)
In the case of a homogeneous scalar field φ(t) filling a patch of the Universe
with flat FLRW metric (2.10), the energy density and pressure turn out to
be simply
ρ ≡ T00 = 12 φ˙2 + V (φ) , p ≡ Tii = 12 φ˙2 − V (φ) . (3.18)
The dynamics and interaction of the spacetime metric and scalar field is
described by the two equations
H2 = 13
[
φ˙2
2 + V (φ)
]
, φ¨+ 3Hφ˙+ V ′ = 0 , (3.19)
where primes denote derivatives with respect to φ. The first is simply the
Friedmann equation (2.17), with κ = 0. The second is the equation of motion
for the scalar field which is derived by varying its action. It describes a
particle rolling down along its potential and subject to a friction due to the
expansion term 3Hφ˙. The second Friedmann equation (2.18) simply becomes
H˙ = − φ˙
2
2 , (3.20)
which implies that the time evolution of the Hubble parameter depends on
the kinetic energy of the field. Alternatively, it is possible to obtain the
second equation of (3.19) by taking the time derivative of the first equation
and combining this with Eq. (3.20).
This region of the Universe inflates if the state parameter w = p/ρ <
−1/3, which is easily realizable if the potential energy dominates over the
kinetic energy, that is
V (φ) φ˙2 . (3.21)
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The regime described by Eq. (3.21) is said slow-roll inflation as the field will
evolve really slowly with respect to the quasi-exponential growth of the scale
factor. Further, in order to have an inflationary period lasting long enough,
one must ensure a small acceleration of the field and therefore impose
|φ¨|  |3Hφ˙| . (3.22)
Intuitively, such a scenario is possible any time that the shape of the potential
is sufficiently flat (in some measure) as it is shown in the cartoon of Fig. 3.2.
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Figure 3.2
Cartoon picture of a typical inflationary potential. The scalar field slowly rolls
down along the shape driving the quasi-exponential expansion. Inflation ends at φe
and starts at φ∗, at least around 60 e-foldings before the end.
Within the slow-roll regime, the dynamical equations (3.19) become
H2 ≈ V (φ)3 ≈ constant , φ˙ ≈ −
V ′
3H . (3.23)
Given a scalar field with its potential V (φ), one can verify whether such
scenario is suitable for inflation or not by calculating the so-called slow-roll
parameters, defined as
 ≡ 12
(
V ′
V
)2
, η ≡ V
′′
V
, (3.24)
and check that
{, |η|}  1 , (3.25)
which is equivalent to Eq. (3.21) and Eq. (3.22).
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Strictly within the slow-roll approximation, the slow-roll parameters are
related to the Hubble flow functions through the following
0 = (V/3)1/2 , 1 =  , 2 = −4+ 2η . (3.26)
Eventually, inflation must end and give way to the standard cosmological
evolution (with an increasing Hubble radius and ordinary matter domina-
tion). This happens when the conditions (3.25) are violated: the trajectory
becomes first too steep and the inflaton eventually falls into a local mini-
mum. The oscillations around the vacuum convert the inflationary energy
into ordinary particles, within a process called reheating (see [38] for a review
on this topic and [39] for a recent work).
3.2 Inflation and the background perturbations
3.2.1 The inhomogeneous Universe
The inflationary paradigm elegantly solves the standard cosmological puzzles,
providing a natural explanation for the homogeneity and isotropy at large
distances. However, at scales smaller than 100 Mpc, we do observe structures
in form of galaxies, stars and so on. The standard cosmological theory allows
us to accurately trace the evolution of such structures back in time. We are
able to identify their origin in the gravitational instability of small density
perturbations of a primordial plasma made up of photons and baryons, which
have evolved into the large-scale structures of the present Universe.
This idea of structure formation is confirmed by the oldest snapshot we
have of our Universe: the cosmic microwave background (CMB). It was pro-
duced at the time when electrons and nuclei have just recombined, around
300.000 years after the Big Bang, leaving the CMB photons to freely stream.
The tiny temperature fluctuations of order δT/T ∼ 10−5, indicated in Fig. 3.3,
reflect the presence of regions with slightly different densities; the wavelength
of the photons is red-shifted or blue-shifted depending on the value of the
local density. Indeed the properties of the CMB can be time-evolved into a
forecast for the Universe that has an excellent match with our observed one.
Despite the stunning success of the theory of structure formation, we are
left with some puzzling questions: what set those initial density perturba-
tions? Which is their fundamental origin? Why were they there at all?
Surprisingly, inflation suggests a possible answer that is in excellent agree-
ment with observations, thus definitively establishing itself as the leading
paradigm for the understanding of the early Universe physics. This answer
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Figure 3.3
The fluctuations of 1 part in 105 around the average temperature of T = 2.73 of the CMB.
stems from adding quantum mechanics to the fundamental inflationary dy-
namics. The scalar field implementation provides once more a very useful
stage in order to discuss such a physics. In fact, quantum fluctuations δφ
are unavoidable in the homogeneous background represented by φ(t). These
source metric perturbations via the Einstein equations and vice versa accord-
ing to the following scheme
φ(t,x) = φ(t) + δφ(t,x) ⇔ gµν(t,x) = gµν(t) + δgµν(t,x) , (3.27)
where gµν(t) is simply the unperturbed FLRW metric, as given by Eq. (2.10).
Due to the symmetries and gauge invariance of the coupled system, the re-
sulting physical perturbations reduce to a scalar and a tensor one (vector
perturbations decay during the quasi-exponential expansion). Intuitively,
quantum fluctuations excite all the light particles, in the minimal scenario
being the inflaton and the graviton. The scalar perturbations couple to the
energy density and eventually lead to the inhomogeneities and anisotropies
observed in the CMB. The tensor perturbations are often referred to as pri-
mordial gravitational waves. They do not couple to the density but induce
polarization in the CMB spectrum [40–45]. This is considered to be a unique
signature of inflation and many current experiments are searching for it in
the sky.
A detailed treatment of the cosmological perturbations theory goes be-
yond the aim of the present thesis. The interested reader might consult the
references [22, 23, 46–48]. In the following, we would like just to sketch the
main consequences of a consistent quantum formulation of the inflationary
paradigm. In order to simplify the discussion, we will firstly discuss the pure
de Sitter and massless case. In the next Sec. 3.3, we will focus on the proper
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inflationary analysis, regarded as a small deviation from the case studied
here, and eventually extrapolate the significant observational parameters.
3.2.2 Quantum scalar fluctuations during inflation
Scalar fluctuations can be fully attributed to the quantum nature of the in-
flaton field living in an unperturbed FLRW background. This corresponds
to a specific gauge (usually called spatially flat slicing) where metric pertur-
bations are set equal to zero. It is a perfectly consistent choice in order to
discuss the relevant physics and show how scalar fluctuations behave in an
inflationary background metric. The decreasing Hubble radius (aH)−1 will
play again a crucial role, as we will see.
Let us consider the inflaton field φ(t,x) with a small spatial dependence
as given by Eq. (3.27). The corresponding equation of motion is
φ¨+ 3Hφ˙− ∇
2
a2
φ+ V ′ = 0 , (3.28)
which differs from the homogeneous equation (3.19) of the background field
φ(t) for the third extra term. We can Fourier-expand the fluctuations such
as
δφ(t,x) =
∫
d3k
(2pi)3/2
δφk(t)eik·x , (3.29)
with x and k being respectively the comoving coordinates and momenta.
Note that the Fourier modes δφk depend just on the modulo k = |k| because
of the isotropy of the background metric. Then, we can perturb at first order
Eq. (3.28), plug the decomposition (3.29) in and get
δφ¨k + 3Hδφ˙k +
k2
a2
δφk = 0 , (3.30)
where we have neglected the additional term V ′′δφk due to the slow-roll
conditions Eq. (3.25) during inflation. Eq. (3.30) can be rewritten in a simpler
form, without the Hubble friction term, once we introduce the variable
vk ≡ aδφk , (3.31)
and switch to the conformal time τ . This was defined by Eq. (2.11) and it is
naturally related to the comoving Hubble radius as
τ = − 1
aH
, (3.32)
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during a perfect exponential expansion with H constant. Then, the dynamics
of the scalar perturbations can be described simply by the equation of a
collection of independent harmonic oscillators
d2
dτ2
vk + ω2k(τ)vk = 0 , (3.33)
with time-dependent frequencies
ω2k(τ) = k2 −
2
τ2
= k2 − 2(aH)2 . (3.34)
The quantization of the physical system now becomes very easy and one
proceeds as in the case of the simple harmonic oscillator, following the canoni-
cal procedure. In particular, the modes vk become nothing but the coefficients
of the decomposition of the quantum operator
vˆ(τ,k) = vk(τ)aˆk + v∗k(τ)aˆ
†
k , (3.35)
where the creation and annihilation operators satisfy the canonical commu-
tation relation [
aˆk, aˆ
†
k′
]
= δ3
(
k− k′) . (3.36)
The quantum zero-point fluctuations are given by〈
0
∣∣∣ vˆ†(τ,k)vˆ(τ,k′) ∣∣∣ 0〉 = |vk(τ)|2δ3 (k− k′) (3.37)
where the vacuum is defined by aˆk |0〉 = 0 for any k. Therefore, computing
the quantum perturbations of the inflaton field reduces to solving the classical
equation (3.33) and, then, extracting the time dependence of the Fourier
modes vk(τ).
The physics of the mode functions vk, during inflation, is non-trivial and
crucially depends on the fact that the comoving Hubble radius shrinks with
time. In fact, fluctuations are produced on every scale λ and therefore with
any momentum k. While initially being inside the horizon, they leave the
zone of causal physics at one point of the accelerated expansion, as schemat-
ically shown in Fig. 3.1.
One can prove that an exact solution of Eq. (3.33) is
vk(τ) = α
e−ikτ√
2k
(
1− i
kτ
)
+ β e
ikτ
√
2k
(
1 + i
kτ
)
, (3.38)
where α and β are some free parameters to be set by means of the initial
conditions. These are defined at very early times, when the relevant scales
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were still inside the horizon. In the sub-horizon limit (k  aH), that is when
k|τ | → ∞, the frequencies (3.34) become time-independent and Eq. (3.33)
reduces to
d2
dτ2
vk + k2vk = 0 , (3.39)
basically the one of a simple harmonic oscillator. We can exploit this fact in
order to get the correct normalized solution
lim
k|τ |→∞
vk =
e−ikτ√
2k
, (3.40)
which comes from the requirement of a unique vacuum (so-called Bunch-
Davies vacuum) being the ground state of energy. This sets α = 1 and β = 0
in Eq. (3.38), thus yielding the definitive expression for the Fourier modes
vk(τ) =
e−ikτ√
2k
(
1− i
kτ
)
. (3.41)
Once we have the complete solution Eq. (3.41), we are particularly inter-
ested in studying when the modes leave the horizon. We would like indeed to
understand how they behave after inflation and affect late time physics. How
can quantum fluctuations, produced during inflation, source density pertur-
bation at CMB decoupling? These events are separated by a huge amount of
time where physics is very uncertain. Fortunately, something special happens
as we explain below.
The super-horizon limit (k  aH), that is when k|τ | → 0, corresponds
to the solution
lim
k|τ |→0
vk = − i√2k3/2τ . (3.42)
Since the conformal time is related to the scale factor by Eq.(2.11), the latter
represents a growing mode vk ∝ a, in de Sitter background. Switching to
the physical scalar perturbations by means of Eq. (3.31), one obtains that
the amplitude δφk remains constant as long as the Hubble radius is smaller
than their typical length. Modes freeze outside the horizon and this is a
crucial result in order to connect the physics of the early Universe to the
time when the density perturbations are created. It is a great bonus we get
from inflation as we do not need to worry about the time evolution of such
fluctuations for a very substantial part of the cosmic evolution.
Now we can return to Eq. (3.37) and properly evaluate the dimensionless
power spectrum ∆2v of the quantum fluctuations vk, defined as〈
0
∣∣∣ vˆ†(τ,k)vˆ(τ,k′) ∣∣∣ 0〉 ≡ 2pi2
k3
∆2v(k) δ3
(
k− k′) . (3.43)
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Then, the power spectrum of the fluctuations after horizon crossing is
lim
k|τ |→0
∆2v(k) =
k3
2pi2 |vk|
2 =
(
aH
2pi
)2
, (3.44)
where we have used Eq. (3.37) in the first step while Eq. (3.42) and Eq. (3.32)
in the last. Therefore, the power spectrum of the physical fluctuations of the
inflaton field on super-horizon scales is
∆2δφ(k) =
(
H
2pi
)2
, (3.45)
which is scale-invariant as no k-dependence enters the expression above. Note
that this result was first derived in [49], in a perfect de Sitter approximation,
before inflation was proposed. A proper inflationary analysis would bring
corrections of order O(, η). This is shown below in Sec. 3.3.
3.2.3 Classical curvature and density perturbations
In the previous section, we have learned that quantum fluctuations, produced
during inflation, stop oscillating once they are stretched to super-horizon
scales. Their amplitude freezes at some nonzero value, with scale invariant
power spectrum given by Eq. (3.45). This situation lasts for a very long
period until the point when the modes re-enter the horizon, during the stan-
dard cosmological evolution, as schematically shown in Fig. 3.1. At horizon
re-entry, the amplitude of the modes starts oscillating again inducing the
density perturbations. However, the energy density directly interacts with
the gravitational potential. Therefore, how do quantum fluctuations of the
inflaton affect the metric curvature and ultimately become density perturba-
tions? Here, we present a very simple and heuristic derivation, mainly based
on the time-delay formalism developed in [50].
The presence of quantum fluctuations δφ(t,x) over the smooth back-
ground φ(t) translates into local differences δN of the duration of the in-
flationary expansion, directly related to curvature perturbations ζ. In fact,
not every point in space will end inflation at the same time thus leading to
local variations of the scale factor a. Then, fluctuations δφ induce curvature
perturbations equal to
ζ = δN = Hδφ
φ˙
= δa
a
. (3.46)
The corresponding dimensionless power spectrum is
∆2ζ(k) =
H2
φ˙2
∆2δφ(k) =
H4
4pi2φ˙2
, (3.47)
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which, during slow-roll, reads
∆2ζ =
1
12pi2
V 3
V ′2
= 124pi2
V

, (3.48)
where we have used Eq. (3.23) in the first equality and Eq. (3.24) in the
second one.
Once inflation ends and the standard cosmological history begins, the en-
ergy density will evolve as ρ = 3H2 and, then, decrease as given by Eq. (2.21)
(the evolution is shown in Fig. 2.8). Local delays of the expansion lead to
local differences in the density, schematically being δN ∼ δρ/ρ. The ampli-
tude of the density fluctuations will be directly related to the amplitude of
the curvature perturbations with power spectrum Eq. (3.48).
3.2.4 Primordial gravitational waves
Primordial quantum fluctuations excite also the graviton, corresponding to
tensor perturbations δh of the metric. These have two independent and
gauge-invariant degrees of freedom, associated to the polarization compo-
nents of gravitational waves (usually denoted by h+ and h×). One can prove
that the Fourier modes of these functions satisfy an equation analogous to
Eq. (3.30). Therefore, one may proceed identically to what done in Sec. 3.2.2.
The dimensionless power spectrum turns out to be
∆2h(k) = 2× 4×
(
H
2pi
)2
, (3.49)
where the factor 2 is due to the two polarizations and the factor 4 is related
to different normalization.
3.3 Inflation and observations
The last 50 years have seen extraordinary success in the development of obser-
vational techniques and in the experimental confirmation of our cosmological
theories. The discovery of the CMB in 1965 [51] gave the start to a new
scientific era where our most speculative ideas have found empirical verifica-
tion. Analyzing this primordial light has become our fundamental tool for
the investigation of the very early Universe physics.
The CMB is essentially the farthest point we can push our observations to.
It is nothing but an almost isotropic 2D surface surrounding us and beyond
which nothing can directly reach our telescopes. One can draw an analogy
to the surface of the Sun: the inner dense plasma does not allow any light to
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freely stream outwards and the analysis of the last scattering photons (around
8 minutes old) becomes essential in order to probe the internal structure.
In fact, the homogeneity and isotropy of the CMB together with its tiny
and characteristic temperature anisotropy (see Fig. 3.3) naturally led us to
consider inflation as what lies beyond that last scattering surface, around
13.8 billions years old.
Via CMB measurements, we are able to probe the inflationary era and
set stringent constraints on the fundamental dynamical mechanism. In the
language of the scalar field implementation, we can use observational inputs
to impose restrictions on the form of the scalar potential V (φ). The reason
why we are able to have access to such a primordial era is closely connected
to the mechanism outlined in the previous section: fluctuations produced
during inflation freeze outside the horizon thus providing a link between two
very separated moments in time. This situation is depicted in Fig. 3.4.
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Figure 3.4
Quantum fluctuations produced during inflation (green area) freeze at the horizon exit.
They reenter the horizon after reheating thus sourcing acoustic oscillations of the plasma
(yellow part). At decoupling time, the CMB photons freely stream towards us who measure
their power spectrum just in the small red window.
3.3.1 CMB power spectrum and inflationary observables
The power spectrum of the temperature fluctuations in the CMB contains
valuable information on the dynamics of inflation. The characteristic shape
is simply dictated by the two-point correlation function of the inflaton fluc-
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tuations calculated in Sec. 3.2. A proper investigation of the CMB physics
is required in order to understand the functional form. However, this goes
beyond the scope of the present work (see e.g. [22, 52] for a detailed treat-
ment). In practice, it is the so-called transfer function which relates the two
power spectra: it contains all the information regarding the evolution of the
initial fluctuations from the moment when they re-enter the horizon to the
time of photon-decoupling (yellow part in Fig. 3.4) and, subsequently, their
projection in the sky as we observe them today. The final result is the solid
line of Fig. 3.5 with the peculiar Doppler peaks originated from the acous-
tic oscillations of the baryon-photon plasma. The first peak corresponds to
a mode that had just time to compress once before decoupling. The other
peaks underwent more oscillations and, on small scales, are damped. The
high suppression of the power spectrum, at small angular scales, reflects why
we are able to probe just a small window of the inflationary era. In terms
of the number of e-folds this corresponds to about ∆N ≈ 7. On the con-
trary, scales to the left of the first peak show no oscillations as they were
superhorizon at the time of decoupling, and hence have not experienced any
oscillations.
Figure 3.5
Power spectrum of the CMB temperature anisotropy as measured by Planck 2015 [13,14].
In Sec. 3.2, we have derived the power spectrum of perturbations in a
perfect de Sitter (H ≈ const) and massless ( V ′′ ≈ 0) approximation. How-
ever, an appropriate inflationary analysis would bring some corrections (order
slow-roll) and hence a small k-dependence. This is because, during inflation,
the energy scale (set by H) will slightly change together with time and the
inflaton mass is non-zero, although being very small (order η). In order to
parametrize the deviation from scale-invariance, we introduce the spectral
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indexes ns and nt defined by
ns − 1 ≡
d ln ∆2ζ
d ln k , nt ≡
d ln ∆2h
d ln k , (3.50)
respectively for scalar and tensor perturbations. In terms of the slow-roll
parameters, they read
ns − 1 = 2η − 6 , nt = −2 . (3.51)
Furthermore, since observations probe just a limited range of k, we can
express the deviation from scale-invariance by means of the power laws
∆2ξ(k) = ∆2ζ(k0)
(
k
k0
)ns−1
, ∆2h(k) = ∆2h(k0)
(
k
k0
)nt
, (3.52)
where k0 is a normalization point called pivot scale. Note that we have only
included the first coefficients of scale-dependence; higher-order effects lead to
a scale dependence of these coefficients themselves (referred to as running).
Finally, the tensor-to-scalar ratio is defined by
r ≡ ∆
2
h(k0)
∆2ζ(k0)
= 16 , (3.53)
and indicates the suppression of the power of tensor with respect to scalar
modes.
3.3.2 Planck data
The Planck satellite [13, 14] has mapped the Universe with unprecedented
accuracy. In this way, it has set stringent constraints on the parameters
related to the inflationary dynamics. First of all, at k0 = 0.05 Mpc−1, the
experimental value for the scalar amplitude (first detected by COBE [53]) is
∆2ζ(k0) = (2.14± 0.10)× 10−9 . (3.54)
Secondly, the deviation from perfect scale-invariance has been definitively
confirmed and the scalar spectral index ns has been measured to be [13,14,54]
ns = 0.968± 0.006 (68%CL) . (3.55)
On the other hand, the value of the tensor-to-scalar ratio has been obser-
vationally bounded to be [54,55]
r < 0.07 (95%CL) . (3.56)
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Figure 3.6
Planck 2015 results [13,14] for the spectral index and tensor-to-scalar ratio with
the predictions of different inflationary models superimposed.
These can be read in Fig. 3.6, where the predictions of different models of
inflation are superimposed2 and in Fig. 3.7, where the constraints have been
improved once including the 95 GHz data from Keck array [55].
Finally, one can get an upper bound on the value of the inflationary
energy at horizon crossing. This is given by
V 1/4 ' 1.93× 1016
(
r
0.12
)1/4
GeV , (3.57)
which is obtained by combining Eq. (3.48) and Eq. (3.54). This value in-
dicates that inflation should happen at very high energies (i.e. around
1015 − 1016 GeV), below the Planck scale though. The quartic root depen-
dence on r implies that even a very small value of the tensor-to-scalar ratio
(e.g. 10−3 or 10−5) does not correspond to a relevant decrease of energy.
2Given a potential V (φ), one can calculate the observational predictions ns and r by
means of the formulas (3.51), (3.53) and (3.24).
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Figure 3.7
Improved observational constraints for the spectral index and tensor-to-scalar ratio,
after including the 95 GHz data from Keck array [55]. The quadratic model of
inflation is basically ruled out.

4
Universality, Observations and the
Inflaton Range
The small window we can have access to via CMB measurements
does not allow us to probe the full inflationary trajectory. This im-
plies that disparate models of inflation can yield the same observa-
tional predictions and be organized in terms of universality classes,
as long as they agree on the CMB window. We present a description
of the inflationary background dynamics fully in terms of the num-
ber of e-folds N . This becomes a very useful language in order to
describe universality properties of inflation. Then, we examine the
properties of the inflaton range, a variable depending on the whole
trajectory. We show its degeneracy in the super-Planckian regime;
namely, its value is not uniquely determined by the inflationary ob-
servables. On the other hand, we provide strong evidence for its
universality properties when the value is sub-Planckian. Both the
tensor-to-scalar ratio and the spectral tilt are essential for the field
range. Remarkably, this results into strengthening the usual Lyth
bound by two orders of magnitudes. The novel results of this Chap-
ter are based on the publications [iv] and [v].
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4.1 The N-formalism of inflation
In the previous chapters, we have expressed the time evolution of the system
mainly in terms of the cosmic time t or the conformal time τ . However, it
is possible to make other choices which may appear more natural depending
on the specific context. Eventually they may lead to some simplifications in
the description of the physics.
A famous example is provided by the Hamilton-Jacobi formalism [56,57].
This turns out to be a very natural choice in a Universe dominated by a
scalar field. The fundamental idea is that the field φ itself plays the role of
an internal clock. This is possible as long as φ evolves monotonically in time,
that is φ˙ ≥ 0. Then, the relevant cosmological quantities can be regarded as
a function of φ rather than t. This formalism is very useful for describing
the background dynamics of inflation. However, it proves not to be suited
for reheating where the field oscillates around the minimum and φ˙ changes
sign.
Another very natural choice for describing the time evolution of an infla-
tionary Universe is the number of e-folds N . This variable is directly related
to the scale factor by means of Eq. (3.6), thus representing a concrete mea-
sure of time. In an expanding Universe, observers can simply use the physical
growth of space as a universal clock.
The inflationary phase can then be specified fully in terms of N [58].
This has the direct advantage to go beyond an explicit description of the mi-
croscopic mechanism generating the accelerated expansion and the deviation
from a scale invariant spectrum.
The Hubble flow functions, defined by Eq. (3.9), provide the ideal tool
to extract the relevant information from a description in terms of N [36, 37,
59,60]. The inflationary observables, in particular the spectral index and the
tensor-to-scalar ratio, can then be compactly expressed as
ns = 1 + 2 − 2 1, r = 16 1 . (4.1)
In order to connect these to CMB observations, one needs to evaluate these
quantities at horizon crossing, denoted by N?.
It is easy to check that it is possible to recover the expressions for ns
Eq. (3.51) and r Eq. (3.53), given in the previous chapter in terms of the
slow-roll parameters  and η, simply by substituting Eq. (3.26) into Eq. (4.1).
The link between the formulation in terms of φ and the one in terms of
N is provided by the important relation
dφ
dN
=
√
21 , (4.2)
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which is easily obtained by combining Eq. (3.5), Eq. (3.6) and Eq (3.20).
Note, however, that this last expression is exact and it is valid beyond the
slow-roll approximation.
This last equation can be interpreted as a background field redefinition
from φ, with canonical kinetic terms, to the field N with Lagrangian
L = √−g [12R− 1(N)(∂N)2 − V (N)] , (4.3)
Generically, the functional form of the potential V will be very different when
expressed in terms of φ or in terms of N .
4.2 Universality classes at large N
In Sec. 3.3, we have seen that the window we can probe by means of CMB
observations corresponds to a small portion of the whole inflationary period.
This is mainly due to the suppression of the CMB power spectrum at small
angular scales, as it is shown in Fig. 3.5. This sensitive region amounts to
∆N ' 7 and it is located at present around 60 e-folds before the end of
inflation (we derived this number in Sec. 3.1.4 in order to account for the
homogeneity and isotropy of the CMB at its largest scale). This is indeed
the point when the modes relevant for the CMB power spectrum left the
region of causal physics. Its position is determined by N being equal to the
number of e-folds between the points N? of horizon crossing and Ne where
inflation ends, that is
N = N? −Ne . (4.4)
Then, the measured values of the cosmological parameters Eq. (3.55)
and Eq. (3.56) constrain the form of the scalar potential just on a limited
part. The practical situation is that several scenarios can give rise to the
same predictions despite the details of the specific model. This situation is
visually explained in Fig. 4.1.
A lower limit on N can be set by the temperature of reheating [61] (see
also [38,62–66]). On the other hand, there is no compelling reason to assume
the number N , quantifying the amount of exponential expansion of the Uni-
verse, has an upper bound; in fact, it seems natural that inflation extends a
long way further into the past than the portion we can observe (see [67] for
a study on this topic).
The above argument seems to suggest 1/N as a natural small parameter to
expand our cosmological variables [58, 68, 69] (see also [70]). This approach
is also motivated by the percentage-level deviation of the Planck reported
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Figure 4.1
Cartoon of a typical inflationary scalar potential (blue line) with different deviations (grey
lines). The details of the models are different but they agree on the CMB window thus
yielding identical observational predictions.
value for the spectral index (3.55) from unity which can be interpreted as
ns = 1− 2
N
. (4.5)
This argument naturally leads to assume the function 1 (or equivalently
the first slow roll parameter ) scaling as
1 =
β
Np
, (4.6)
where β and p are constant and we have neglected higher-order terms in
1/N as not relevant for observations. This simple assumption leads to the
so-called perturbative class defined by
r = 16β
Np
, ns =
{
1− 2β+1N , p = 1 ,
1− pN , p > 1 ,
(4.7)
where we have discarded the case p < 1 as generically not compatible with
the current cosmological data. Eq. (4.7) identifies the families of universality
classes which any specific scenario belongs to, for fixed values of β and p.
Most of the inflationary models in literature have an equation of state
parameter scaling as a power of 1/N , thus falling into the perturbative class.
These includes the chaotic monomial inflation scenarios, the Starobinsky
model, hilltop models and many others. It is possible to consider also other
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functional forms for 1, as it was investigated in [58] (see also [71] for a related
analysis with a different approach). However, the cosmological predictions
of these classes are generically more in tension with the observational data.
Further, the number of well motivated models of inflation falling into these
other classes is more restricted.
The analysis at large-N proves to be a powerful tool in order to organize
different inflationary models just in terms of their cosmological predictions.
Physically different scenarios may predict the same values of ns and r in the
leading approximation in 1/N . The details of any specific model, encoded
in the subleading terms (higher powers of 1/N), are washed out and not
relevant for the observational predictions. Examples of these circumstances
are listed in [58,69].
Now, we want to show that the simple assumption of a scalar spectral
tilt scaling as 1/N can exclude a consistent region of the (ns, r) plane and
yield definite predictions for our cosmological variables [69,72]. The allowed
regions are shown in Fig. 4.2. In particular, given the best fit value for ns
and the strict bound on r, we will generically expect a very low value for the
tensor-to -scalar ratio, probably order 10−3.
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Predictions of the inflationary scenarios with equation of state parameter given by
Eq. (4.6) superimposed over the Planck data. Given the favored value of the spectral index
Eq. (4.5), one has generically a forbidden region for value of the tensor-to-scalar ratio r.
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Finally, in a pure large-N description, one can identify the benchmark
potentials for this Ansatz. Let us recall the relation between the Hubble
parameter H and 1 given by Eq. (3.5). Within the slow-roll approxima-
tion, employing H2 = V/3, one can integrate this equation and obtain an
expression for the potential in terms of N which reads
V (N) =
V0N
2β , p = 1 ,
V0
[
1− 2β(p−1)Np−1
]
, p > 1 ,
(4.8)
where V0 is an integration constant related to the energy scale of inflation.
By means of Eq. (4.2) and Eq. (4.6), one gets the asymptotic form of V in
terms of the canonical scalar field φ, that is
V (φ) =

V0 φn , p = 1 ,
V0 [1− exp (−φ/µ)] , p = 2 ,
V0 [1− (φ/µ)n] , p > 1 , p 6= 2 ,
(4.9)
where µ and n are related to β and p as dictated by (4.2). In particular, for
p > 1 and p 6= 2, the power n is related to p through the following equation
n = 2(1− p)2− p , (4.10)
where p < 2 or p > 2 determine respectively the negative or positive sign of
n. The inverse relation p = p(n) turns out to be of the same form.
In the large-N limit, any model belonging to these universality classes
will have a potential asymptotically approaching well-known scenarios such
as chaotic monomial inflation (p = 1), inverse-hilltop models (1 < p < 2),
Starobinsky-like inflation (p = 2) and hilltop potentials (p > 2). As already
explained, the reason for such simplicity is that, in this limit, we are probing
just a limited part of the inflationary trajectory, close to horizon crossing.
Peculiarities among different models appear when we go away from this re-
gion. In general, the situation near the end-point of inflation will be very
different from one model to another, even though they belong to the same
universality class.
4.3 The inflaton range and observations
In this Section, we intend to examine features of a variable crucial for the
construction of inflationary models at high energies, namely the inflaton field
range ∆φ. A crucial distinction is indeed between small- and large-field
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models, defined by sub- and super-Planckian field ranges. Generic quantum
corrections to a tree-level scalar potential come in higher powers of φ, and
hence large-field models are particularly sensitive to these. This puts the
consistency of an effective field theory description [73–75] of such models
into doubt. A key question in theoretical cosmology is therefore whether ∆φ
exceeds the Planck length or not.
Knowledge of the evolution of 1(N), during all e-foldings N of the infla-
tionary period, determine the field range by means of Eq. (4.2). Therefore, it
is the area underneath the curve
√
21(N) which determines the excursion of
the scalar field φ during the expansion. However, cosmological observations
allow us to constrain just a small part. The situation resembles what already
seen in the previous section: generally it is not possible to uniquely connect
CMB data with a precise value of the inflaton excursion. This is depicted in
Fig. 4.3.
However, a first estimate of ∆φ can be obtained by the assumption that
1(N) is constant throughout inflation. This is referred as the Lyth bound1
[76] and leads to [77,78]:
∆φ ∼
(
r
0.002
)1/2 (N?
60
)
, (4.11)
where we have set the number of e-folds at horizon exit N? equal to 60 (other
values allow for a similar analysis). Therefore, a sub-Planckian excursion for
the inflaton field requires a very small value of r . 2·10−3. For monotonically
increasing 1(N), this represents a lower bound. The blue rectangular area
in Fig. 4.3 provides a visual representation of this bound.
In the following, we start the discussion with some specific examples where
a point in the (ns, r) plane does correspond to a wide spectrum of values for
∆φ. We consider chaotic inflation models with monomial potentials as the
benchmark scenarios to show such a degeneracy of the inflaton excursion.
Intriguingly, we find that the field range cannot exceed an upper-bound due
to the slow-roll conditions.
On the other hand, in the sub-Planckian regime and for a range of uni-
versality classes, we prove that it is possible to precisely connect observations
to a unique value of ∆φ. Information on both the tensor-to-scalar ratio and
the spectral tilt uniquely determines the value of ∆φ. This remarkable uni-
1To be more precise, Lyth’s analysis concerns just the small window accessible via
CMB observations. One must note that in 1997, at the time of publication of his paper,
experiments could probe just around ∆N ' 4. This certainly leads to a milder bound than
Eq. (4.11). On the other hand, this result is always valid within the slow-roll approximation
and does not make any assumption on the form of 1(N).
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Figure 4.3
Identical observational predictions can correspond to very different inflaton excursions,
which are given by the area underneath the curves. Although the solid black line and its
variations (red dashed lines) agree in the CMB window, they have very different integrals.
The blue rectangular area depicts the Lyth bound.
versality of the inflaton range will lead to a stronger bound than the usual
estimate given by Eq. (4.11).
4.4 Degeneracy of the inflaton range
We now discuss the field range in different classes of models. In particular,
we are interested in exploring the correspondence between a specific point
in the (ns, r) plane and the values of ∆φ. We will prove that it is possible
to have exactly the same cosmological predictions, in terms of the scalar tilt
and the amount of gravitational waves, while the field excursion may vary
over several orders of magnitude.
For simplicity we will consider the monomial inflation scenarios as bench-
mark models for our study. However, note that other models can be straight-
forwardly studied following the same reasoning.
In the following, we analyze three classes of inflationary models with a
specific dependence on N for the Hubble flow parameters. Such classes,
discussed at length in [58], reproduce the large-N behavior of most of the
inflationary models available in the literature.
As a first case, we discuss the so-called perturbative class, characterized
by a leading term in 1 scaling as 1/Np, with p being a constant positive coef-
ficient. Then, we analyze models where logarithmic terms, such as lnq(N+1),
appear in the leading part of 1. In a third class of models, we consider the
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parameter 1 having a non-perturbative form, in the limit at large-N , of the
type 1 ∼ exp(−cN). We will consider the possibility of letting the total
number of e-folds N vary over a certain interval which is related to reheating
details of the specific model. Interestingly, we find an upper bound on ∆φ and
the total number of e-folds which sets connections among the three classes of
models considered.
As final part of our analysis, we focus on the logarithmic class and we
explore the possibility of playing with the power coefficient q, while keeping
N fixed. This is an alternative way to get the same predictions of quadratic
inflation, while having quite different values for the inflaton range. We will
consider the possibility of going beyond single-field and/or slow-roll inflation
and getting a sub-Planckian ∆φ.
Throughout this section, we assume that the inflationary parameters 1
and 2 of each class are exact over the whole inflationary trajectory, as it
happens for chaotic scenarios. In several cases, this may be a very good
approximation and may capture most of the essential properties of the models
falling into the specific universality classes. Anyhow, we will take advantage
of a formulation purely in terms of N and extract the information we are
interested in, without referring to the particular form of the scalar potential
V (φ). In fact, for any specific parametrization of each class, the latter may
be very complicated when expressed in terms of the canonical scalar field φ.
In what follows, the benchmark will be the value of ∆φ for chaotic models
corresponding to a quasi exponential expansion of N = 60. This sets
N? = Ne + 60 , (4.12)
as corresponding to horizon exit. Moreover, all symbols with a tilde will be
reserved for the classes being examined, while the benchmark models will
have no tilde.
4.4.1 Chaotic inflation as benchmark
Chaotic scenarios are usually characterized by monomial potentials when
expressed in terms of the canonical scalar field φ. Further, they naturally
lead to a large value of r together with a super-Planckian excursion of the
inflaton field.
In a large-N description, the first three Hubble flow functions turn out
to be
0 = hNβ , 1 =
β
N
, 2 = − 1
N
, (4.13)
where h is an integration constant and β is related to the specific universality
class.
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The description in terms of N is exact for these models (there are no
subleading corrections) and hence captures all of their fundamental features.
However, even if there would be subleading corrections, e.g. at the level
1/N2, observables calculated at horizon exit, such as ns and r, will be obser-
vationally insensitive to these (as they are too much suppressed for N & 50).
Therefore, these are universal predictions of entire classes of models that
agree in the large-N limit.
The same universality holds for the inflaton range. In the case of chaotic
models with parameters (4.13), the inflaton excursion ∆φ will be basically
determined just by the leading term in N [79] through Eq. (4.2).
As these models receive most of their e-foldings at large-N , one can safely
assume that restricting to the leading term of 1 is a very good approximation
over the relevant part of the inflationary trajectory. The expression for the
inflaton field range will therefore read
∆φc = 2
√
2β
(
N
1/2
? −N1/2e
)
, (4.14)
where the subscript c is added in order to refer more easily to the benchmark
field excursion of monomial models throughout the following part of the the-
sis. Further, Ne = β, when assuming that inflation ends at 1 = 1, and N? is
found through Eq. (4.4).
With the above relations, potentials of the type V (φ) = λnφn will keep
monomial form even when formulated in terms of N , namely V (N) = h2N2β,
and vice versa. The relation between the two power coefficients reads
β = n4 , (4.15)
and can be found by using Eq. (4.2). As an explicit example, a quadratic
potential corresponds to β = 1/2 and an inflationary period of N = 60 leads
to ∆φ ' 14.14. Of course, this is identical to the value of ∆φ calculated
through the scalar potential V , within the slow-roll paradigm.
4.4.2 Perturbative class
We start considering the possible degeneracies within the perturbative class
of models. In this case, the relevant Hubble flow parameters for determining
the observational data have the following N -dependence:
1 =
β˜
Np
, 2 = − p
N
. (4.16)
The case discussed above is easily recovered for p = 1 and β˜ = β.
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We would like to reproduce the same ns and r of the benchmark chaotic
model through a generic pertubative model with p 6= 1. This translates into
equating both 1 and 2 of (4.13) to the functions (4.16) at horizon exit,
respectively at N? and N˜?. As result, we have the following relations:
β˜ = β N˜
p
?
N?
, p = N˜?
N?
. (4.17)
This allows to express β˜ as
β˜ = β ppNp−1? , (4.18)
where N? is given by (4.12). Eq. (4.18) gives us an estimate of how fine-tuned
the model is in order to reproduce the same predictions of the chaotic models.
Curiously, for any β = O(1) (corresponding to different chaotic models), the
corresponding perturbative model will start to be severely fine-tuned in the
region p > 2, as is shown in Fig. 4.4.
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Figure 4.4
Behavior of β˜ as function of p in a log-plot. It generally blows up for p & 2, where the
perturbative model should be highly fine-tuned in order to reproduce the same (ns, r) of
chaotic scenarios. The four lines correspond to the same observational predictions of
models with potential of the type V = λnφn, with n respectively equal to 1, 3/2, 2 and 3.
Demanding that inflation ends at 1 = 1 turns into
N˜e = N˜? − N˜ = β˜1/p , (4.19)
where the total number of e-foldings N˜ in principle could span a range of
different values related to reheating properties of the model. Using (4.17),
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Figure 4.5
The total number of e-folds N˜ as function of p for models belonging to the perturbative
class. Lines follow a linear relation for low values of p and β = O(1). For larger values of
β, lines have different behaviors, as shown by the grey and purple lines. In this case, the
unique intersection with the value p = 1 becomes evident.
Eq. (4.19) gives us the functional form of the total number of e-folds N˜ as a
function of p, for any β, that is
N˜ = pN?
[
1−
(
β
N?
)1/p]
. (4.20)
A period of inflation N˜ = 60 necessarily corresponds to p = 1, which is the
benchmark of our analysis. For any other value of N˜ , there exist several
possibilities with p 6= 1, reproducing exactly the same predictions of chaotic
models, while having a viable mechanism to end inflation (1 = 1). Never-
theless, in the region p < 2 and for β = O(1), solutions in p are highly close
together and they follow a linear relation, as shown in Fig. 4.5.
The inflaton range can be easily computed by integrating Eq. (4.2) and
one obtains
∆φ =
2
√
2β˜
2− p
(
N˜
1− p2
? − N˜1−
p
2
e
)
. (4.21)
The latter formula can be written as function of p, for any value of β. By
substituting (4.17), one gets
∆φ = 2
√
2β p2− p
[
N
1
2
? − β
2−p
2p N
p−1
p
?
]
. (4.22)
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The inflaton range ∆φ as function of p in two different limits for the pertubative class of
models. For low values of p (no fine-tuning), ∆φ may vary over a range related to the
total number of e-folds N˜ . In the large p region, the upper bounds on ∆φ becomes evident.
Figure 4.6 shows the main results on the inflaton range, given by (4.22), for
models belonging to the perturbative class. At this point, we identify the
two regions and get the following conclusions:
• For small values of p, the inflaton excursion ∆φ is a continuously increas-
ing function. It has a typical dependence p/(2 − p) in the region p . 1,
where the first term of (4.22) dominates over the second one; it has a
mild transition for 1 . p . 2, while it starts to show a really different
behavior in the region2 p > 2. The field range covers a wide spectrum of
values depending on the total number of e-folds N˜ of this perturbative
class. As a consequence, it can be quite different from the corresponding
2The value p = 2 is special as the two contributions of Eq. (4.22) become the same while
the factor p/(2− p) blows up.
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chaotic one, which is given by p = 1. In particular, we can reproduce
the same values (ns, r) of a quadratic potential with N = 60 and still
have a ∆φ running from 5 to 32, in Planck units, corresponding to N˜
approximately between 30 and 100. Note that p, as well as ∆φ, can-
not be arbitrarily small as we need a minimum amount of exponential
expansion, quantified by N˜ .
• For large values of p, the inflaton range approaches a constant value,
setting an upper bound on ∆φ for each specific value of β. This can be
seen explicitly by taking the limit of (4.22) for p→∞, this becomes:
∆φ→ 2√2N1/2?
[
N
1/2
? −
√
β
]
. (4.23)
This corresponds to an upper bound also on N˜ , as can be seen again by
taking the limit for p→∞ of equation (4.20), which gives:
N˜ → N? ln N?
β
. (4.24)
This limit cannot be appreciated in Fig. 4.5, given the reported limited
range of p. Plugging the values of the parameters for quadratic inflation
into (4.23) and (4.24), one gets the approximate bounds3
∆φ→ 155.56 , N˜ → 290 . (4.25)
Curiously, the hierarchy of ranges is inverted with respect to the one
present at small p, as it is clear by comparing the two pictures of Fig. 4.6:
at higher values of the tensor-to-scalar ratio r, we have smaller ranges.
We will see that the bounds for ∆φ and N˜ found here are recovered in
the next two cases we consider in Sec. 4.4.3 and 4.4.4, within the analysis
of the logarithmic and non-perturbative classes of models.
4.4.3 Logarithmic class
As a second case, we consider models with a first subleading correction to
the Hubble flow parameters. While still neglecting higher order 1/N terms,
one can imagine including a logarithmic dependence on N such as
1 =
β˜
Np lnq(N + 1) ,
2 = − p
N
− q(N + 1) ln(N + 1) .
(4.26)
3Such large values of N˜ are not necessarily realistic (see e.g. the discussion in [80] for
an upper estimate); nevertheless, it is interesting to study the behaviour of the field range
for such models.
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Inflationary models having similar dependence can be found e.g. in [69].
As in the previous case, in order to mimic the observational predictions
of chaotic models in terms of (ns, r), we equate (1, 2) of (4.13) to (4.26) at
horizon exit, respectively at N? and N˜?. As result, we obtain
β˜ = β N˜
p
? lnq(N˜? + 1)
N?
(4.27)
q =
( 1
N?
− p
N˜?
)
(N˜? + 1) ln(N˜? + 1) (4.28)
where N˜? = N˜e + N˜ and N˜e is determined by the condition 1 = 1:
β˜
N˜pe lnq(N˜e + 1)
= 1 . (4.29)
We follow the same approach as in the perturbative case and allow N˜
to vary as function of p, while fixing q. The range of the inflaton ∆φ can
be determined by integrating (4.2) as before. However, we have to rely on
numerics as obtaining an analytic expression both for N˜ and ∆φ turns out
to be not as trivial as in the previous case. For this reason, we restrict
our analysis just to the benchmark of a quadratic potential, namely just to
β = 1/2.
The results for the field range and the total number of e-folds are sum-
marized in Fig. 4.7, for two different values of q. As we can see, for large
values of p, we recover exactly the same bounds (4.25) found within the anal-
ysis of the perturbative class. This is a remarkable result, though it may be
understood from the large p behaviour of 1. In this limit, N˜ also increases
and hence subleading terms, in n for n ≥ 2, will be increasingly irrelevant.
The two lines in Fig. 4.7, corresponding to different values of q, do differ for
smaller values of p. However, they show identical behavior when p increases,
which correspond to a large-N˜ limit.
4.4.4 Non-perturbative class
As a third class, we consider models with Hubble flow functions such as
1 = e−2cN , 2 = −2c , (4.30)
where c is a constant. Note that we are not including any coefficient for 1
as this can be set equal to one by a shift in N .
We proceed as in the previous cases by equating (1, 2) of (4.13) to the
functions (4.30) at horizon exit, in order to reproduce the same observational
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Figure 4.7
Field range ∆φ and total number of e-folds N˜ as functions of p in the logarithmic class,
for two fixed values of q. The lines correspond to the same predictions of quadratic
inflation (β = 1/2). The bounds on ∆φ and N˜ can be appreciated at large values of p.
predictions of chaotic inflation models. We get the following relations:
N˜? =
1
2c ln
N?
β
, c = 12N?
. (4.31)
Moreover, imposing that inflation ends at 1 = 1 translates into
N˜e = N˜? − N˜ = 0 , (4.32)
which can be manipulated, using (4.31), in order to get the following condi-
tion on the total number of e-foldings:
N˜ = N? ln
N?
β
, (4.33)
expressed just in terms of parameters of the benchmark models, where N? is
given by (4.12). Eq. (4.33) fixes uniquely the total amount of exponential ex-
pansion required to give the same (ns, r) of the chaotic scenarios, with param-
eter β, and to end inflation via the condition 1 = 1. Note that this coincides
exactly with the large-p limit of the perturbative case, namely Eq. (4.24).
The inflaton range is given by integrating Eq. (4.2) between N˜e and N˜?:
∆φ =
√
2
c
(
1− e−cN˜?
)
. (4.34)
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The latter can be written just in terms of the benchmark parameters by using
(4.31) and it reads
∆φ = 2
√
2
(
N? −
√
βN?
)
, (4.35)
which yields the field range in terms of β. Note that this again coincides
exactly with the large-p limit of the field range in the perturbative case, that
is (4.23). Fig. 4.8 shows such functional dependence; the negative slope of
the curve makes explicit the inversion of hierarchy of field ranges with respect
to the one which naively one would expect. In fact, lower values of r (lower
values of β) will correspond to larger ∆φ. This is exactly the same finding
for the upper bounds in the perturbative class of models. Such behavior
becomes explicit once we express Eq. (4.35) in terms of the typical inflaton
range ∆φc for the chaotic models, given by Eq. (4.14). The relation turns
out to be:
∆φ = 2
√
2N −∆φc , (4.36)
where N is the total number of e-folds for the benchmark chaotic models
and, throughout our study, it is fixed to be equal to 60. However, it is not
possible to arbitrarily decrease ∆φ even going to really large values of β. In
fact, by taking the limit for4 β →∞ of (4.35), we obtain
∆φ→ √2N , (4.37)
as can be seen in the second plot of Fig. 4.8, where N = 60. This corresponds
to a lower-bound on N˜ which, in the same limit, approaches the benchmark
number of e-foldsN , as it is clear by taking the limit of (4.33). The field range
of
√
2N can then be understood from an 1 parameter that is approximately
equal to one during almost the entire inflationary period.
Within the non-perturbative models, it is then possible to mimic chaotic
scenarios in terms of their cosmological observables ns and r. Neverthe-
less, both the total number of e-foldings N˜ and the field excursion ∆φ are
uniquely determined once we choose the power coefficient of the chaotic sce-
nario, namely once we fix β. Curiously, the resulting values perfectly cor-
respond to the upper-limits we found in the previous sections. In the spe-
cific example of quadratic inflation, that is for β = 1/2, one obtains again
∆φ ≈ 155.56 and N˜ ≈ 290, as expected from the discussion in sec. 4.4.2 and
4.4.3.
Note, however, that this limit appears only in the large-N limit of the
non-perturbative class. Specific models of this class are discussed in [58]. An
4Such a limit is anyway not physical as it would correspond to an infinitely large amount
of primordial gravitational waves.
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The inflaton range ∆φ as function of β in two different limits for the non-perturbative
class of models. For low values of β (physical values for the tensor-to-scalar ratio r), ∆φ
is a decreasing function. The four coloured points correspond to the upper-bounds already
found in sec. 4.4.2 and 4.4.3. In the large-β limit, the inflaton range cannot arbitrarily
decrease and approaches a lower-limit.
example is natural inflation [81], which has specific subleading corrections in
addition to (4.30). In the limit of a large periodicity, corresponding to small c,
this model asymptotes to quadratic inflation and therefore has the same field
range as this benchmark model. The origin of this difference with (4.35) lies
in the subleading corrections, that exactly become increasingly important
when c is small (the effective expansion parameter being 1/cN). In other
models, like hybrid inflation [82], which end by the action of a transverse
symmetry breaking field, the excursion can be even smaller, and still satisfy
the observational constraints. We will discuss a similar phenomenon in the
next subsection.
4.4 Degeneracy of the inflaton range 61
4.4.5 Sub-Planckian field ranges
Now we take a different approach within the logarithmic class of models, in
order to illustrate the possibility of obtaining smaller field ranges as compared
to the benchmark model of quadratic inflation. The idea is to reproduce the
same observational predictions in terms of (ns, r) by fixing N˜ (in what follows,
we assume N˜ = 60) and letting q vary as a function of p through the relation
(4.28).
Once again, the inflationary field range ∆φ can be determined by inte-
grating (4.2) numerically. We find a striking difference between values of p
that are larger or smaller than around 1.1.
We find that setting the end of inflation by 1 = 1 turns out to be possible
only for p not exceeding a value around 1.1. For p > 1.1 the function 1(N),
given by (4.26), never reaches the unity and, then, a viable inflationary sce-
nario has to be ended through some other mechanism.
On the other hand, one can still set the end of slow-roll inflation via the
condition 2 = 1. In this case, the field range is a decreasing function of
p, as showed in Fig. 4.9, and the values of ∆φ correspond to the distance
which the canonical field φ travels within the slow-roll approximation. For
sufficiently large p, such excursion becomes even sub-Planckian. However,
note that these models generically would not correspond to slow-roll inflation
throughout the whole period of exponential expansion and they would need
to end inflation e.g. via a second field, or some other mechanism.
Figure 4.9
Slow-roll field range ∆φ as function of p. The end of slow-roll inflation is set through the
condition 2 = 1. Sub-Planckian field ranges can be obtained if inflation ends through a
second field or some other mechanism.
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4.4.6 Discussion
In this Section, we have investigated the implications of the CMB data for
the inflationary field range. More precisely, we have tried to answer to what
extent one can infer ∆φ from a measurement of (ns, r). We have analyzed
this question by comparing three different classes of models – perturbative,
logarithmic and non-perturbative – to the benchmark models of chaotic in-
flation, with particular attention to the quadratic scenario.
Surprisingly, we have found that the field range can vary an order of
magnitude; while the quadratic model implies ∆φ ≈ 14 in Planck units,
the non-perturbative class gives the same observables while ∆φ is a factor
11 larger. Moreover, we have identified a continuous degeneracy in the other
classes: different one-parameter families of models yield identical (ns, r) while
∆φ spans over a quite large range. Remarkably, ∆φ can be increased by
exactly the same factor by varying this parameter in both the perturbative
and the logarithmic class. Therefore, this constitutes an upper bound for
these classes of models.
It might be surprising that there is an upper limit on the field range. After
all, we are allowing in principle for an infinite number of e-foldings, hence
one would expect it to be possible to hover just below 1 = 1 for an infinitely
long period in terms of N ; such a scenario is illustrated by the upper line in
Fig. 4.10. This period would contribute an infinitely large field range ∆φ as
well. This raises the question: why do we not find such infinitely large field
ranges? We suspect that the answer lies in the Hubble flow equations for the
slow-roll parameters. For slow-roll inflation, in the approximation where we
are only keeping the lowest two slow-roll parameters, these can be written as
(where  = 1 and η = 21 + 1/2 2)
d
dN
= 2(η − 2) , dη
dN
= (η − 3) . (4.38)
Note that one cannot have both right-hand sides vanishing at the same time
when  6= 0; therefore it is impossible to keep  constant over a large range
of e-foldings. As a consequence, there is a limit on the number of e-foldings
between horizon exit and the end of inflation, for a generic slow-roll model.
This is a consequence of the generic lower limit on d/dN , and translates into
a limit on the field range during this period.
Nevertheless, the above discussion constitutes only a generic argument;
in fact, specific and non-generic inflationary models could have yet larger
field ranges. Examples are in fact provided by models in the perturbative
and the logarithmic classes, with parameter p < 0. In these models the field
range can be arbitrarily large. However, these models are contrary to the
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Figure 4.10
Two possible scenarios for the N-dependence of : the solid upper line aims to maximize
the field range while the lower minimizes it. The dashed lines correspond to the same
scenarios where one increases N .
large-N approach that we have taken in this section, where the inflationary
period approaches a De Sitter phase as N becomes infinite. For p negative
it turns out that one has a cut-off on the number of e-folds preceding the
moment of horizon exit. Therefore these do not extend infinitely into the
past, approaching a De Sitter phase. In this way it turns out to be possible
to evade the generic argument for the upper limit based on (4.38) above.
From the perspective of UV-sensitivity, yet more interesting is the ques-
tion how small ∆φ can be, and in particular whether it can reach sub-
Planckian values. This point has been discussed in some detail recently in
literature. In order to minimise the field range, one would like to have the
area under the curve (N) in Fig. 4.10 as small as possible; this case is illus-
trated by the lower line. Starting at horizon exit, one would therefore need to
suppress  as fast as possible [83–86]. In [87], however, it was pointed out that
this is impossible in the slow-roll approximation, exactly due to Eq. (4.38); as
the right hand sides are bilinear in percent-level slow-roll parameters, these
can only vary rather slowly as a function of N . This upper bound on the
change of  implies a lower bound on the field range. Amusingly, this is the
exact opposite reasoning which led to the large field range discussion above.
The issue of getting a smaller ∆φ with respect to the benchmark of the
quadratic model has been investigated explicitly in the different classes. In
the single-field slow-roll approximation, we have found that sub-Planckian
field ranges do not seem to be possible, in agreement with the recent bound
[87]: we could only reduce ∆φ by a factor of three, down to ∆φ ≈ 5 in Planck
units. However, these classes of models allow for a much stronger reduction
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of the inflationary field range, provided one allows for an alternative end
of inflation (a related interesting analysis in the context of hybrid natural
inflation was done in [88]). In particular, by imposing the condition 2 = 1,
we have found sub-Planckian inflationary trajectories that satisfy all slow-roll
single-field requirements. Nevertheless, within these models, the parameter
1 never reaches the unity and the inflationary expansion needs to be stopped
by some other mechanism. Such models could be viable when performing a
full fast-roll analysis, or when embedded e.g. in a multi-field model. Note that
this type of multi-field is markedly different from those studied in Ref. [89]; in
contrast to that reference, our entire inflationary trajectory is purely single-
field, and we only appeal to the second field for a waterfall transition to end
inflation.
4.5 Universality of the inflaton range
In the previous Section, we have shown concrete examples where a value of
ns and r does not correspond to a specific estimate for the inflationary field
range ∆φ. This is indeed what one would expect generically from a variable
depending on the entire inflationary trajectory.
Nevertheless, it is possible to identify different regions where the field
range does exhibit a universal behavior. We have proved this remarkable
fact in the publication [79] and we will present again the main results below.
In the following, we will restrict our analysis to the perturbative class of
models, characterized by an equation of state parameter given by Eq. (4.6).
We will not assume this expression to be exact but allow for subleading
contributions which generically may play an important role towards the end
of inflation.
4.5.1 Universality at large N
In order to get the expression for ∆φ, one must integrate Eq. (4.2) along the
entire inflationary trajectory. By considering a large-N behavior such as that
in Eq. (4.6), for p 6= 2, we obtain
∆φ = 2
√
2β
2− p N
1− p2 − φe , (4.39)
where φe is a constant piece related to the value of the inflaton when inflation
ends. Then, we run into two possible situations, depending on whether p is
smaller or larger than 2.
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In the first case, for p < 2, the inflaton range ∆φ is proportional to a pos-
itive power of N . In the large-N limit, the constant part φe is subleading and
one can argue that, within any universality class, the magnitude of the field
excursion will be model-independent and therefore universal. Furthermore,
given that ∆φ keeps increasing together with N , one can correctly refer to
such scenarios as genuine large field models.
In the second case, for p > 2, theN -dependent term of (4.39) is subleading
with respect to the constant term φe, in the large-N limit. The value of ∆φ
is therefore determined by the point where inflation stops and generically not
universal: for instance, ∆φ can already obtain a super-Planckian contribution
during the last e-fold [90]. This model-dependent piece is generically sub-
dominant for models with p < 2 while it represents the main contribution
when p > 2.
Finally, the remaining possibility is p = 2 where the functional form of
the field range reads
∆φ =
√
2β lnN − φe . (4.40)
The log-dependence leads to a situation where ∆φ mildly increases to-
gether with N . The special role of this point, corresponding to Starobinky-
like scenarios, has been recently highlighted in the context of the inflationary
attractors [91–95] as well as non-compact symmetry breaking [96]. Moreover,
a change of behavior around the point p = 2 was noticed also in the analysis
on the degeneracy of the inflaton range done in [60] and presented in the pre-
vious Section. Here we stress its peculiarity also as marking the separation
between a region of authentic large field models (p < 2), whose ∆φ exhibits
universality features, and a region (p > 2) where models can have the same r
and ns at leading order (and, thus, belonging to the same universality class)
but still very different field ranges.
4.5.2 Universality at small µ
The results presented above are obtained in a pure large-N expansion, that
is, in the limit N → ∞. However, physical values usually amount to an
exponential expansion of around 50 to 60 e-foldings preceding the end of
inflation. Although the latter is a big number, the universal regime can be
easily affected by tuning specific parameters of the models.
For large enough values of N , any model, characterized by an equation of
state parameter such as Eq. (4.6), will be represented by a potential, which
is parameterized as a small deviation from the benchmarks potentials (4.9).
Specifically, for p > 1 and p 6= 2, the generic form of V will include higher
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order corrections and read
V (φ) = V0
1− (φ
µ
)n
+
±∞∑
q=n±1
cq
(
φ
µ
)q , (4.41)
where n is related to p through Eq. (4.10) and the plus or minus sign depends
respectively on p > 2 or p < 2. Then, the coefficients cq parameterize the
deviation from hilltop or inverse-hilltop models respectively.
Now we show that, at small µ and for finite values of N , we recover
universality: in addition to the cosmological observables ns and r, the inflaton
excursion will be model-independent. Interestingly, this is exactly the regime
we will consider to derive the field range bound in the next Section.
The spectral index ns and tensor-to-scalar ratio r will be generically in-
sensitive to higher order terms in the expansion (4.41) as they are calculated
at horizon exit. In fact, the inflationary regime is restricted to the region
φ < µ, for hilltop models (p > 2), and φ > µ, for inverse hilltop potentials
(1 < p < 2); therefore, the farther one is located from the end-point of infla-
tion the more one can ignore higher order corrections in the scalar potential.
Then, the large-N regime provides an accurate estimate of such observables
which, at small µ, read
ns = 1− p
N
, r = 25−2p (p− 2)
2p−2
(p− 1)p−2
µ2p−2
Np
. (4.42)
The coefficients cq will appear only in subleading terms in N . The family of
models represented by Eq. (4.41) will have identical behavior in the small-µ
limit and for large enough values of N . Conversely, this is generically not
the case for large values of µ; in such a limit, the end-point of inflation is
pushed towards the region where the coefficients cq play an important role and
dissimilarities become important; consequently, going 50-60 e-foldings back,
even the point at horizon crossing will start to be sensitive to cq corrections.
For large values of µ, the large-N expansion is not well defined and scenarios
belonging to the same universality class at small µ, may give quite different
predictions in terms of ns and r.
In the limit of large N and small µ, the field range turns out to be
∆φ =
[
2− p√
2(1− p)
]1− 2
p
µ
2− 2
p − (
p
2 − 1)p−2
(p− 1) p2−1 µ
p−1N1−
p
2 , (4.43)
where the first term is clearly related to the end-point of inflation while the
second one is the N -dependent term. For the reasons given above, cq correc-
tions will not enter the N -dependent part which gives the main contribution
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to the field range for 1 < p < 2 while it is subleading for p > 2. Things are
different when calculating the end-point φe; this piece is sensitive to higher-
order corrections in µ. As soon as µ increases, this point is pushed away
towards a region where differences among the models begin to appear. If,
for simplicity, we focus on the case n = 3 (examples belonging to this uni-
versality class are hilltop inflation and the models referred to as RIPI and
MSSMI in [59]) and consider terms up to fifth order in the expansion (4.41),
the end-point reads
φe =
√√
2
3 µ
3/2 + 2
√
2
9 c4µ
2 + 5(4 c
2
4 + 3 c5)
27 · 21/4√3 µ
5/2 . (4.44)
Crucially, the coefficients cq appear just with higher powers of µ; this holds
even for other values of n (both positive and negative) as well as the special
point p = 2. This implies that one obtains universal predictions in the small-
µ limit, not just in terms of ns and r, but also in terms of ∆φ, whose form
approaches Eq. (4.43).
4.6 The Lyth bound with a tilt
In Sec. 4.3, we have seen that the Lyth bound provides an optimal estimate
of the field range, given a measurement of r which is simply related to 1
through Eq. (4.1). However, starting from the same value of 1 at horizon
crossing, one can imagine different behaviors 1(N) that give rise to either
smaller5 [83, 87,99] or larger areas [60]. This situation is shown in Fig. 4.3.
We would like to show that this estimate becomes stronger when one takes
the additional information of the spectral index into account. In particular,
given the redshifted value (3.55) and assuming r to be small, the dependence
r = 161(N) is tilted upwards at horizon crossing6. The natural history
therefore leads to a larger area than that of the corresponding rectangle. As
a consequence, the requirement ∆φ = 1 implies a lower value of r, as illus-
trated by the blue line in Fig. 4.11. This is our main message: by including
constraints on ns one can strengthen considerably the Lyth bound. Thanks
5The Lyth bound can also be evaded using multiple scalar [89] or vector fields [97]. An
extension to fast roll can be found in [98].
6Note that our approach differs from [84,86], which also include the spectral tilt in their
expressions: while these references derive a minimal value for ∆φ, we aim to provide a
generic estimate by making use of its universal properties.
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to the results on the universality of ∆φ in the sub-Planckian regime7, we will
show that the reported value (3.55) leads to r . 2 · 10−5 for sub-Planckian
field ranges. This constitutes a bound which is two orders of magnitude
stronger than the usual estimate as given by Eq. (4.11).
N
p
2✏1
N?
   = 1
   = 1
Figure 4.11
Two curves indicating
√
21 with identical areas ∆φ = 1. The flat curve depicts the Lyth
bound, while the tilted curve indicates the improvement when taking the spectral index into
account.
4.6.1 Strengthening the Lyth bound
We now use the results derived in the previous Section in order to revisit
the discussion on small- and large-field excursions and derive a stronger field
range bound than the usual estimate Eq. (4.11).
The findings on the universality of the field range translate into the pos-
sibility of inferring an accurate estimate of ∆φ given a point in the (ns, r)
plane. This is certainly true in the small-µ limit where ∆φ is given by
Eq. (4.43). One can properly argue that sub-Planckian field ranges will be
model-independent and uniquely determined by a measurement of the cos-
mological observables. The situation changes when µ increases; already for
µ & O(1), in the region p > 2 (corresponding to ns . 0.96), universality
breaks down (as can be seen from Eq. (4.44) where each contribution is or-
der one); differently, for p < 2, universality can hold even for some orders
of magnitude larger than the reduced Planck mass MP = 1, thanks to the
dominant N -dependent term as set by Eq. (4.39).
7Strictly speaking, this is true for values ∆φ . 10−2, which define more accurately
small field inflation. In this region µ < 1 and thus sub-leading corrections are suppressed,
strengthening the results on universality.
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Figure 4.12
Field ranges corresponding to ∆φ = (0.1, 1, 10) in the plane (ns, log10 (r)). The green
straight dashed lines represent the asymptotic behaviour for large p. The yellow area
corresponds to sub-Planckian values of the field excursion and, then, to the universality
region.
Then, if we plot lines of constant ∆φ in a (ns, r) plane, the one corre-
sponding to unity ∆φ = 1 will be a good estimate of the border above which
universality breaks down, regardless the value of ns. This will be taken as
the new, stronger bound. As can be seen from Fig. 4.12, the line is tilted
as it is a function also of the spectral index ns. Interestingly, for ns = 1 it
approaches the value of the original Lyth bound, which is a constant value
not depending on the tilt. On the other hand, in the Planck-range, an excel-
lent fit is provided by the following expressions, corresponding to the (green)
dashed straight lines in Fig. 4.12,
log10 r = −1.0 + 25.5 (ns − 1) , ∆φ = 10 ,
log10 r = −2.0 + 68.0 (ns − 1) , ∆φ = 1.0 ,
log10 r = −2.35 + 123 (ns − 1) , ∆φ = 0.1 .
(4.45)
The range of values of (ns, r) consistent within those of Planck reduces
the values of ∆φ during inflation by at least an order of magnitude. For the
central value ns ' 0.96, imposing that ∆φ ≤ 1 leads to the bound r . 2·10−5,
which is two orders of magnitude below the usual Lyth bound.
On the other hand, if we impose that the ratio r be bigger than a certain
value, then we find a lower bound on ∆φ. Fig. 4.13 shows the field range
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as a function of the scalar spectral index for different values of the ratio r.
Again, in the range consistent with Planck, the field range is always super-
Planckian, for all values of the ratio r & 2 · 10−5. This conclusion can only
be avoided by going to unrealistically large spectral indices ns close to 1.
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Figure 4.13
The range of field values corresponding to r = 0.2, 0.1, 004, 0.01, 0.001, 0.00001 in the
plane (ns, ∆φ).
Similarly to the original Lyth bound, the relations (4.45) provide generic
estimates of the field range, which could be avoided only by a very specific
(non-generic) behavior of 1(N). However the existence of such counterex-
amples is of limited importance: one would like to understand when large
field inflation is expected given a measurement of r even if there might be
fine-tuned models which give smaller field ranges for this value of r.
Given the central value for ns from Planck, our results imply that super-
Planckian field ranges require a tensor-to-scalar ratio that exceeds 2 · 10−5.
Planned future CMB experiments, such as COrE [100,101] and PRISM [102–
104], might bring the sensitivity down to 10−4. In contrast to what one
would conclude from the original Lyth bound, our results imply that a small
detectable r still corresponds to super-Planckian field ranges.
5
Inflation and Attractors in
Supergravity
In this chapter, we discuss the problem of realizing a consistent in-
flationary scenario within a supergravity framework. We discuss its
relations to string theory and present its basic properties. Then, we
discuss the most common and challenging obstacles, and its possi-
ble solutions, to a successful realization of inflation in supergravity.
These include the well known η-problem and the dynamical restric-
tions arising from the interplay between the inflaton and supersym-
metry breaking sectors. Remarkable simplifications arise in the case
of complete orthogonality of these two sectors. An arbitrary inflaton
potential can indeed be obtained when the internal Kähler manifold
is flat. On the other hand, assuming a hyperbolic geometry has dire
implications for inflation: the Kähler curvature controls the amount
of primordial gravitational waves and the value of the scalar tilt tends
automatically to the “sweet spot” of Planck, no matter the details of
the superpotential. The non-trivial Kähler geometry basically induces
an attractor for observations. Finally, we present a novel supergrav-
ity construction, dubbed α-scale model, which turns out to be at the
origin of the attractor mechanism. This will allow us to construct the
first single superfield formulation of α-attractors and ultimately shed
light on the connection between flat and curved internal space. The
novel results of this Chapter are based on the publications [iii], and
[viii].
71
72 Inflation and Attractors in Supergravity
5.1 Inflation in supergravity
In the Introduction of this thesis, we have already discussed the importance
of embedding the inflationary paradigm into a complete high-energy physics
scenario. The UV sensitivity of inflation makes indeed its implementation
into a concrete framework of quantum gravity a primary challenge to face.
String theory [5–8] offers a great arena where to construct our cosmo-
logical models of the early Universe. Its control over Planckian degrees of
freedom seems indeed to provide a robust environment where to investigate
inflation. However, properly realizing inflation within a concrete stringy sce-
nario has turned out to be quite challenging. First of all, in order to bring this
complex framework in contact with reality, one must find a suitable mecha-
nism to reduce the number of spacetime dimensions from ten to four. This
procedure is named compactification [105, 106] of the six extra dimensions
and it has become a central research topic in theoretical physics. In addi-
tion, a successful compactification usually leads to the appearance of many
light moduli, namely scalar fields with no mass. These must be stabilized
by means of specific mechanisms which produce the appropriate potential
constraining their dynamics (famous examples are the so-called GKP [107]
and KKLT [108] mechanisms). Finally, in order to have best control on
the string inflationary models, one must ensure that a desirable hierarchy of
scales holds. Specifically, one would like to have
H < MKK < Ms < MPl , (5.1)
where H denotes the Hubble scale during inflation, MKK denotes the com-
pactification Kaluza-Klein scale below which one may consider an effective
4-dimensional description of physics, Ms is the scale at which one resolves
the string structure and MPl is the Planck scale.
The route towards a complete embedding of inflation in string theory is
still in progress (see [21,109–112] for some reviews on this topic). Along the
way, it has produced very interesting results (see e.g. [113–121]) which have
shed light on the basic properties a consistent cosmological scenario should
have. Questions about the fundamental behavior of the inflaton field can be
often translated into questions about the geometry of the internal manifold.
Understanding how the physics of the many moduli naturally arising in string
theory can (or cannot) be decoupled from the inflaton dynamics becomes of
utmost importance in this context (much effort in this direction has been
made by works such as [122–130] and [131–133]).
The usual strategy is investigating inflation within an effective supergrav-
ity (SUGRA) description (i.e. at energies lower than Ms), whose consistency
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is automatically satisfied if one assumes the hierarchy of scales Eq. (5.1).
This is the limit where the strings can be simply approximated by point
particles and one can use a convenient field theory description. In fact, su-
pergravity [134,135] (see [136] for a comprehensive book on this topic), as a
local extension of supersymmetry (a perfect correspondence between bosons
and fermions [137–140]), was discovered independently from string theory. It
was then realized that some supergravity incarnations could arise as effective
limits of this complete theory of Nature.
However, string theory compactifications usually yields severe constraints
on the possible internal geometries. This implies that not every supergrav-
ity model can be regarded as an effective limit coming from string theory.
One can easily encounter the risk of studying a supergravity cosmological
construction which has no correspondent in the UV limit.
In this Chapter, we intend to face this last issue and prove that inves-
tigating inflation within a pure supergravity context can still yield crucial
insights into the general structure of an effective UV description. In fact, the
sole ingredient of supersymmetry (SUSY) can yield very strong constraints
on the inflationary dynamics. In addition, the form of the scalar potential
and the stability of the scalar manifold can be studied in full generality. We
will show the generic properties a supergravity model should have in order
to reproduce successful inflationary scenarios compatible with the current
observational data. We will see that it is possible to draw very general con-
clusions, independently from the specific details of the model at hand. The
generality of these results will assume particular relevance in the light of
building a consistent inflationary model within string theory.
In the following, we will start our discussion by presenting the main prop-
erties and most common problems when one tries to embed inflation inN = 1
supergravity1, without referring to any specific model. We will present the
general form of the inflaton Lagrangian in supergravity. Both the scalar
potential and the kinetic terms will be functions of fundamental geometric
properties of the internal manifold where the fields are defined. We will then
discuss a generic problem threatening the flatness of the inflaton potential
(namely the smallness of the η parameter) in supergravity and its possible
ways-out. We will then examine the connections between spontaneous SUSY
breaking and the inflationary dynamics. This will have direct consequences
on the possibility of yielding inflation by means of just a single superfield.
1N defines the number of supersymmetry transformations of the theory. The higher the
number of supersymmetries is, the more constrained are the field content and its dynamics.
If we require the absence of particles with spin higher than 2, N = 8 is the maximum
possible value as there are no more than eight half-steps between spin -2 and 2.
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Finally, we will discuss to what extent one can regard a supergravity model
as an effective limit coming from string theory.
After these first general considerations, we will devote the following sec-
tions of this Chapter to some concrete models of inflation. Specifically, we
will show how the geometry of the internal field space can have dire impli-
cations on the final result of inflation in terms of ns and r. In Sec. 5.2 and
Sec. 5.3, we will see the main differences between the cases of flat and hy-
perbolic geometry. The latter leads naturally to the concept of cosmological
attractors providing universal observational predictions. We will devote the
last section to a novel supergravity construction, dubbed α-scale supergrav-
ity, which proves to be at the origin of the attractor mechanism. This will
also shed light on the link between the two benchmark geometries considered
before.
5.1.1 Basics of 4D N = 1 supergravity
The field content of a four-dimensional N = 1 SUGRA theory is given by
the graviton gµν , the gravitino ψµ coupled to an arbitrary number n of chiral
supermultiplets2. Each of these contains a chiral spin-1/2 field and a complex
scalar field. In the following, we discuss just the bosonic sector as the most
relevant for the next sections. We will return on the fermionic sector in the
next Chapter.
Scalar fields are ubiquitous in supergravity theories. Specifically, they
always come in pairs (being complex scalars) and their number is not con-
strained. This provides a very flexible and natural setup to embed the physics
of the inflaton field, as it was introduced in Sec. 3.1.5.
The dynamics of the complex scalar fields Φi (with i = 1, ..., n) is fully
determined by two functions:
• The Kähler potential K(Φi, Φ¯ı¯), being a hermitian function of the fields Φi
and their complex conjugates Φ¯ı¯.
• The superpotential W (Φi), being a holomorphic function of the fields Φi.
The Lagrangian of the scalar fields turns out to be3
L = −Ki¯ ∂µΦi∂µΦ¯ − V , (5.2)
2We are considering the case of vector supermultiplets playing a subdominant role, that
is, the effective description is the so-called F-term supergravity. When gauge interactions
become relevant, they induce an additional so-called D-term piece in the potential V .
3In this thesis, we do not intend to provide the detailed derivation of the supergravity
action but just the relevant formulas for a proper discussion of inflation in this framework.
We refer the interested reader to the seminal papers [141,142].
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where Ki¯ ≡ ∂Φi∂Φ¯¯K is the metric of the Kähler manifold spanned by the
fields Φi. Then, the geometry of this internal space is fundamentally related
to the kinetic terms of the scalars. In the case of one superfield with canonical
kinetic terms, a very natural choice is K = ΦΦ¯ which corresponds to a flat
Kähler geometry (KΦΦ¯ = 1). However, other forms of K are allowed in su-
pergravity. Normally, string theory compactifications yield severe constraints
on the geometric properties of this internal space.
The form of the F-term scalar potential is
V = eK
(
Ki¯ DiWD¯W¯ − 3|W |2
)
, (5.3)
where Ki¯ is the inverse matrix of the Kähler metric Ki¯ and
DiW ≡ ∂iW +KiW , (5.4)
is the Kähler covariant derivative, referred to as F-term and being the order
of parameter for spontaneous SUSY breaking. The potential (5.3) is always
given by two opposing contributions where the negative definite term sets the
AdS scale. Developing a generic mechanism which yields a positive potential
V > 0 is of primary interest for cosmological applications. We will return to
this issue in Sec. 5.1.3 and discuss its connection with the SUSY breaking
directions.
The squared mass matrix of the scalar fields is given by
m2 =
(
Kik¯ Dk¯∂jV Kik¯ Dk¯∂¯V
K ı¯k Dk∂jV K ı¯k Dk∂¯V
)
, (5.5)
where the Kähler covariant derivative D acts on ∂V as in Eq. (5.4) for W .
The physics described by Eq. (5.2) is invariant under a Kähler transfor-
mation, namely
K → K + λ+ λ¯ , (5.6)
W → e−λW , (5.7)
where λ is a holomorphic function of the fields.
In order to implement single-field inflation in this framework, firstly we
need to identify one of the real degrees of freedom with the inflaton field. In
the simplest case of employing just one single superfield Φ, one must choose
an appropriate decomposition and assure stability of the other direction. A
common choice is
Φ = φ+ iχ√
2
, (5.8)
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where the real direction may be identified with the inflationary trajectory
while the orthogonal direction must be stabilized by means of an appropriate
mechanism. Alternatively, one may allow for a multi-field dynamics which
appears to be quite natural from a UV perspective, given the abundance of
scalar fields in these scenarios. These additional degrees of freedom may be
light thus participating in the inflationary process (see [143] for a review on
this topic). Conversely, they might be heavy and still produce observational
features, as it was shown in the series of works [122–130].
5.1.2 The η-problem in supergravity
A generic problem arising in supergravity constructions describing inflation
is the so-called η-problem: due to the specific form of the scalar potential
of this class of theories, as given by Eq (5.3), the second slow-roll parame-
ter η generically receives contributions of order one [144, 145]. This can be
immediately seen for the choice of a canonical Kähler potential K = ΦΦ¯.
Expanding the overall exponential term of the scalar potential, we have
V ≈ (1 + |Φ|2 + ...) V0(Φ) , (5.9)
where the factor V0 is determined by the superpotential. Then, the second
slow-roll parameter obtains contributions such as
η ≈ 1 + V
′′
0
V0
+ ... , (5.10)
which is order one for generic choices of W .
The exponential term in Eq. (5.3) plays a very dangerous role and gener-
ically spoils the flatness of the inflaton potential. The problem becomes even
more severe for super-Planckian values of the inflaton field.
In order to realise slow-roll inflation, one must therefore either resort to an
undesired amount of fine-tuning to cancel the order one terms, or eliminate
these contributions altogether by means of a symmetry. The latter is termed
natural inflation [81]. It was first employed in a supergravity context to
realise chaotic inflation [146]. Instead of the canonical Kähler , the authors
opted for
K = −12
(
Φ− Φ¯
)2
. (5.11)
Due to the absence of the real part of the superfield Φ, the Kähler potential
has a shift symmetry Φ → Φ + a with a ∈ R. This symmetry is the key
to avoid the η-problem; relatedly, it prevents the inflaton potential from
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blowing up for large values of the inflaton field Re(Φ). It is evident that
the dangerous term eK keeps increasing exponentially in the direction Im(Φ)
while it remains constant in Re(Φ). The shift symmetry is broken only by
W , thus generating the inflaton potential.
However, the above discussion can also be misleading as it fails to take into
account the following subtlety. The careful reader may have noticed that the
two quoted Kähler potentials are in fact related by a Kähler transformation,
and hence are physically equivalent. Yet more strikingly, the Kähler potential
can even be brought to the form
K = 12
(
Φ + Φ¯
)2
, (5.12)
by means of an additional Kähler transformation.
The three forms of K suggest symmetry protection for either none4, the
real or the imaginary components, respectively. How does it come about that
one Kähler potential suffers from the η-problem, while physically equivalent
potentials avoid it by means of a shift symmetry, which however protects
different components? The answer to this apparent conundrum is that the
η-problem is not only a statement about the Kähler potential, but also about
the ‘naturalness’ of the superpotential. For generic choices of the superpo-
tential, one needs a shift symmetry in K to keep η small; without that shift
symmetry in the Kähler potential, one needs a carefully pickedW to compen-
sate for the order-one contribution to η. These two situations can be related
by a Kähler transformations and are exactly the options alluded to above,
i.e. fine-tuning or symmetry. Thus the form of the Kähler potential is not
the only ingredient in evading the η-problem; also the generic or fine-tuned
form of the superpotential comes into play.
5.1.3 sGoldstino directions and inflation
A successful implementation of the inflationary paradigm in supergravity
requires a mechanism that assures a positive definite potential during the
whole cosmological evolution. Achieving this is not always trivial due to
the delicate balance between the two contributions in Eq. (5.3). Specifically,
during inflation supersymmetry must be broken as we need DiW 6= 0. This
fact has dire consequences for inflation.
First of all, spontaneous breaking of supersymmetry at the inflationary
scale naturally implies a second quasi-light field around the Hubble scale5.
4In fact, the canonical K does not depend on the complex phase of the field Φ; however,
in the origin of the orthogonal, radial direction, the phase is not a physical field.
5This is termed quasi-single field inflation in [147], where the inflationary consequences
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Any scalars other than the inflaton - of which there is always at least one,
given that scalars come in pairs in SUSY models - therefore naturally acquire
Hubble-scale masses. A concrete demonstration of this phenomenon can be
found in [148].
Secondly, one can prove that the inflationary dynamics is highly con-
strained by the direction of SUSY breaking. This is defined by DiW in the
scalar manifold and it is usually referred to as sGoldstino directions. The
latter is a pair of scalar fields that is singled out by the spontaneous breaking
of supersymmetry.
It is worth elaborating on the latter point as it has an interesting group-
theoretical underpinning. As emphasised in the effective field theory ap-
proach to inflation [73], the inflaton can be seen as the Goldstone boson
arising from the spontaneous breaking of time translation invariance: this
symmetry is necessarily broken during inflation (as exemplified by the value
of the spectral tilt Eq. (3.55)) giving rise to a Goldstone boson, which can
be seen as either a scalar field or an additional helicity-0 component in the
metric. This is analogous to the additional degrees of freedom of the W±
and Z0 vector bosons as arising in the Higgs mechanism. A slightly different
reasoning applies to spontaneous breaking of SUSY. In this case, the Gold-
stone modes are a pair of spin-1/2 fermions, whose supersymmetric partners
are spin-0 fields. These are referred to as Goldstini and sGoldstini fields,
respectively. Their emergence is completely analogous to the Higgs boson
itself in the spontaneous breaking of gauge symmetry: the Higgs is the gauge
partner of the aforementioned Goldstone bosons. Thus, there are interesting
similarities and differences between these interpretations of the inflaton and
the sGoldstini scalar fields: both arise as a consequence from the spontaneous
breaking of a local symmetry (i.e. time translational invariance and SUSY),
in which they are Goldstone modes or the partners thereof.
Studying the trajectories of the sGoldstini fields turns out to be very
important for the dynamics of the whole system. Indeed, these scalars gener-
ically correspond to unstable directions on the scalar manifold, signaling
instabilities [149, 150, 150]. In addition, depending on the angle between
the inflaton and sGoldstini directions one can draw very general conclusions
about the inflationary dynamics [151, 152]. Specifically, one can show that,
in the case these directions have a non-negligible overlap and the gravitino
mass is orders below the inflationary scale, single-field, slow-roll and small
field inflation cannot be realize in supergravity [152]. This follows from a
general inequality that we will refer to as the geometric bound, as it involves
of an additional scalar field in the complementary series of De Sitter’s unitary irreps with
0 < m2 ≤ 9/4 were investigated.
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the curvature of the Kähler manifold spanned by the scalars.
There are two extreme cases one may consider. We list them below.
sGoldstino inflation
When the directions of the inflaton and of the sGoldstino coincide, we refer
to this scenario as sGoldstino inflation (this framework has been investigated
by several studies such as [94, 153–164]). In the most economical scenario,
this is the situation when just a single superfield is involved in the supergrav-
ity construction. In this case, the inflaton plays a double role: it drives the
quasi-exponential expansion and it breaks supersymmetry at the same time.
However, one cannot evade the geometric bound of [152] and, then, one needs
to take a number of facts into account in order to realize a successful cos-
mological scenario. In addition, obtaining an arbitrary inflationary potential
becomes very challenging.
Here, we present three possible settings in terms of their internal Käh-
ler space:
• A first natural choice for K is given by the shift-symmetric function (5.11)
corresponding to a flat Kähler geometry. This allows for a truncation to
only the imaginary part of Φ provided one takes
W = f(Φ) , (5.13)
where the function f is a real holomorphic function of Φ; in other words,
when expanded in terms of its holomorphic argument, all coefficients are
required to be real. The mass spectrum for this model reads
m2Re(Φ) = −6f ′2 − 6ff ′′ + 2f ′′2 + 2f ′f ′′′ ,
m2Im(Φ) = 4V + 4f2 + 2f ′2 − 2ff ′′ + 2f ′′2 − 2f ′f ′′′ .
(5.14)
when evaluated at Φ = Φ¯ and where primes denote derivatives with respect
to the variables the function depends on. In this set-up, the imaginary part
of the superfield Φ will generically give rise to a Hubble-scale field, which
is stabilised at zero. This is exactly as expected, as the Kähler potential
contributes order one to η, and the contribution fromW will generically be
much smaller (think e.g. a sum of exponential - the shift symmetry of the
imaginary part is mildly broken, leading to a small contribution). Hence
the total η will be order one, allowing stabilisation of this field. In contrast,
the real part Re(Φ) = φ will be light and play the role of the inflaton.
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The resulting scalar potential, along Φ = Φ¯, reads
V = f ′(Φ)2 − 3f(Φ)2 . (5.15)
This model thus allows for a truncation to a single field. However, the form
of this potential is clearly not the most general due to the appearance of
both the function f and its derivatives. For large field inflation with a single
monomial dominating the superpotential at large field values, the negative-
definite contribution dominates the scalar potential. Thus, it is impossible
to realise in particular chaotic inflation with a monomial in this way (two
explicit examples with polynomials of fourth order as superpotentials are
given in [157]).
• A second natural possibility is given by taking a logarithmic rather than
polynomial Kähler potential. The choice
K = −3α ln
(
Φ + Φ¯
)
, (5.16)
leads to a hyperbolic Kähler geometry, a manifold SU(1, 1)/U(1), whose
curvature is parameterised by α. Thus, it is well motivated from a super-
gravity point of view as well as from string theory, as we will discuss below.
In addition it eliminates the dangerous exponential terms arising from the
overall Kähler exponential in the scalar potential. Therefore, there is no
longer a compelling reason to identify the imaginary part of Φ, which now
enjoys the shift symmetry of K, with the inflaton. This is good news, as
it is generically inconsistent to set the real part of Φ equal to zero in order
to obtain a single field model. The fact that this is consistent in the model
with the shift symmetric Kähler potential is a consequence of the square in
(5.11). As the logarithmic Kähler potential no longer has this feature, the
only consistent truncation is to the real part. For this one needs to take
the same requirement on the superpotential (5.13) being a real function of
Φ.
This model, with the same W as in Eq. (5.13) and along Φ = Φ¯, leads to
the scalar potential:
V = 8−αΦ−3α
[
(3αf(Φ)− 2Φf ′(Φ))2
3α − 3f(Φ)
2
]
(5.17)
The choice α = 1 is special due to the no-scale structure [165–167], where
the negative definite term is exactly cancelled. However, the functional
form of Eq. (5.17) appears to be even more complicated than the flat
correspondent Eq. (5.15).
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• A final possibility was recently proposed by Ketov and Terada in [158,159]
(see also [160, 163, 164] for subsequent developments) where the authors
considered a logarithmic Kähler potential of the form
K = −3 ln
1 + Φ + Φ¯ + ζ
(
Φ + Φ¯
)4
√
3
 . (5.18)
In this setup, the role of the inflaton is played by the Im(Φ) = χ. The term
with constant parameter ζ serves to stabilize the field Re(Φ) = φ during
inflation at φ ≈ 0. The main idea is that by making ζ sufficiently large
one can make the field component φ heavy and constrained to a very small
range of its values, φ 1, so it plays almost no role during inflation with
the inflaton field χ 1. For superpotentials
W = 1√
2
f(−√2iΦ) , (5.19)
where f is a real function of its argument, the potential along the inflaton
direction φ 1 becomes
V ≈ [f ′(χ)]2 . (5.20)
For example, for W = 12mΦ2 one recovers the simplest chaotic inflation
potential V = m22 χ2 along the direction φ = 0. A numerical investigation
of this scenario in [159] confirms that for sufficiently large ζ, the field φ
practically vanishes during the main part of inflation. Its evolution begins
only at the very end of inflation, so the cosmological predictions almost
exactly coincide with the predictions of the quadratic scenario. At the end
of inflation, the field rolls down towards its supersymmetric Minkowski
vacuum at Φ = 0, where V = 0, W = 0, and supersymmetry is restored.
However, this scenario does not lead to a pure single-field truncation and
a two fields dynamics generically appears near the minimum6. We will
return to this model in the next Chapter.
In conclusion, obtaining a general mechanism which assures always suc-
cessful inflation, within a single superfield context, seems to be a rather
6In order to truncate consistently the orthogonal direction to the inflaton, ReΦ, one has
to ensure that its equation of motion is satisfied. It can be checked that this receives contri-
butions from the Christoffel symbols, which do not allow us to decouple the field. However,
the extra factors obtained are proportional to the slow-roll parameters and, therefore, the
inflationary trajectory occurs approximately along the imaginary part of Φ. Just after
inflation, we can notice a shift of the inflaton from the initial straight initial direction.
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non-trivial and challenging task. However, later in Sec. 5.4, we will clarify
the fundamental steps to follow in order to achieve a consistent inflationary
scenario with a model involving simply one superfield. We will do this in
a separate Section given the relevance of the proposed original recipe. The
basic mechanism indeed involves a novel supergravity construction (named
α-scale model) firstly discovered in [94]. Surprisingly, it sheds light on the
deep connection between the flat Kähler (5.11) and the hyperbolic one (5.16).
Orthogonal inflation
When the directions of the inflaton and of the sGoldstino are orthogonal to
each other, we refer to this scenario as orthogonal inflation. This particular
framework necessarily involves at least two superfields: Φ, responsible for
inflation, and the complex scalar S breaking supersymmetry. In addition, it
provides a unique way to evade the geometric bound of [152] thus allowing
for remarkable flexibility.
The benchmark model is characterized by a superpotential linear in S
such as
W = Sf(Φ) , (5.21)
with f being again a real holomorphic function. Then, after choosing a
suitable Kähler potential which allows for a consistent truncation along the
direction S = 0 (this is usually assured if K is invariant under S → −S and,
then, e.g. depending on SS¯), the scalar potential assumes the form
V = eKKSS¯ |f(Φ)|2 . (5.22)
The latter is always a positive function as the negative definite contributions
of Eq. (5.3) disappears at S = 0. Along the same trajectory, the superpoten-
tial is indeed identically zero and the F-terms are
DΦW = 0 , DSW = f . (5.23)
The latter fact sheds light on the peculiar role of the complex scalar S in this
construction: this field belongs to the sGoldstino supermultiplet and inflation
happens in the orthogonal direction to the one defined by the sGoldstino
along which supersymmetry is broken.
Note that the potential Eq. (5.22) still depends on the two real degrees
of freedom of the complex field Φ and, in order to have single-field inflation,
one must truncate along a specific direction and assure stabilization of the
trajectory. However, both the consistency of the final truncation and stabi-
lization issues strictly depend on the specific form of the Kähler potential.
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The simple framework, with canonical shift-symmetric Kähler in the infla-
ton sector coupled to S, was first proposed in [146] and further developed
in [168, 169]. On the other hand, examples of working models of orthogonal
inflation with logarithmic Kähler of the form (5.16) in the inflaton sector
(that is, at S = 0) already appeared in [170–172]. However, a full general
analysis with an arbitrary superpotential, such as the one of Eq. (5.21), was
first performed in [145] and, then, in the context of the α-attractors model
in [92,95,173–175] (see also [176] for related analysis).
To conclude, a model with the inflaton orthogonal to the sGoldistini fields
always allows for remarkable flexibility in terms of the scalar potential. We
will discuss the two important scenarios of orthogonal inflation with flat and
hyperbolic Kähler geometry respectively in Sec. 5.2 and in Sec. 5.3.
5.1.4 Towards an embedding in string theory
Here we would like to discuss to what extent successful supergravity models
of inflation can be implemented in string theory. Which are the typical form
of K and W following from a string-theoretic configuration7? Specifically, is
it possible to realize orthogonal inflation by means of sectors naturally arising
in string theory?
Let us start by discussing open string fields as candidates for inflation, the
most famous case being D-brane inflation [113–115], where the position of a
D-brane in the internal compact dimensions plays the role of the inflaton.
However, other open strings, such as more generic matter fields, can also
be considered as inflaton candidates. Matter fields (including open string
moduli) in string theory obtain a Kähler potential of the form8
K = αΦΦ¯ or K = α
(
Φ− Φ¯
)2
. (5.24)
Here we have assumed that any closed string moduli have been stabilised and
their vevs are taken into account in the constant α. Hence matter fields can
satisfy all symmetry requirements for a shift-symmetric or simply a canonical
Kähler potential such as Eq. (5.24). Therefore, from the point of view of the
Kähler potential, the matter sector alone can provide both sGoldstino and
inflaton candidates. Examples of matter fields with a shift symmetry have
been discussed in the context of D-brane inflation with D3/D7 in [116] and
7When restricting to the fields S and Φ, which will generically be a subset of all fields
in string-theoretic scenarios, we are assuming that this is a consistent procedure and will
not address the subtleties of such truncations as pointed out in e.g. [177].
8In this subsection the fields Φ and S do not necessarily denote the inflaton and the
sGoldstino; instead, their role should be clear from the context.
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in the context of fluxbrane inflation with D7/D7 in [119]. These Kähler
potentials can also arise for some matter fields in heterotic theory [178,179].
Moreover, the superpotential for matter fields generically turns out to be of
the form9
W = β
N∑
n
∏
αn
iΦαn , (5.25)
where again, we take into account a likely dependence on any closed string
moduli vevs into the constant β. From the structure above we have the
following properties:
• We generically expect to get the sum over several couplings for all the
fields involved, including the sGoldstino, which is in contrast to the linear
structure of (5.21).
• On the other hand, there is a simple case which can fit completely. If one
is allowed to truncate the superpotential to only a single term in the sum
over n in W above, then it is always possible to add a phase such that the
superpotential has the form W = Sf(Φi) with f real.
In conclusion, having matter fields alone in a configuration where some of
these have a shift symmetry, it is possible, restricting to a single term in
W , to identify the relevant sectors needed for inflation. The detailed imple-
mentation of this model will be discussed in Sec. 5.2. Extra sectors in the
configuration can be added toW so long a separation is possible, for example
as it happened in [180].
The other possibility to consider is geometric closed string moduli in string
theory. Generically these fields are the so-called dilaton S, the complex
structure moduli U and the Kähler moduli T . These have a well known
Kähler potential, which takes the form such as Eq. (5.16) where we denote
Φ = {S, T, U}. Such fields do enjoy the shift symmetry (which in this case we
take in the imaginary part) of Φ but not the Z2 symmetry Φ→ −Φ. There-
fore, there is no field which can be identified with the sGoldstino direction,
as it was employed for orthogonal inflation (we remind the reader that the
function K must allow for consistent truncation along S = 0). Turning to
the superpotential:
• If we consider the shift symmetry to be broken only by non-perturbative
effects, the superpotential turns out to be a function of Φ. For example,
9The somewhat unconventional i arises in the superpotential as a consequence of the
choice of Kähler potential (5.24) depending on Φ−Φ¯ rather than Φ+Φ¯, as often considered
in the string theory literature.
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this is the case ofW ∝ e−aΦ for T in type IIB compactifications with fluxes
considered widely in the literature.
• On the other hand, if the shift symmetry is broken at tree, perturbative
level, then W is a function of iΦ. This is the case of the tree-level su-
perpotentials for the STU -moduli generated via bulk, geometric and non-
geometric fluxes.
In conclusion the closed string sector provides promising inflationary di-
rections; however, the lack of Z2-symmetric Kähler potentials prevents the
implementation of orthogonal inflation.
From the discussion above, an interesting hybrid emerges naturally: the
case when both matter and closed string moduli play a role. The identifica-
tions of the fields with the relevant sectors of SUSY breaking and inflation
are clear: a Kähler modulus is identified with the inflaton sector, while a
matter field is identified with the sGoldstino sector. In this case generically
we expect the Kähler potential to be of the form:
K = −3α ln
(
Φ + Φ¯− SS¯
)
, or K = −3α ln
(
Φ + Φ¯
)
− SS¯ , (5.26)
where Φ is identified with a closed string modulus, for example the Kähler
modulus, and S is identified with some matter field, for example a brane
position. From a string theory perspective, natural values of curvature pa-
rameter α are of order one (relevant examples are 1, 2/3 and 1/3). We will
discuss the details of such a model in Sec. 5.3.
5.2 Flat Kähler geometry and arbitrary inflation
In this section, we will discuss a number of two-superfield models of infla-
tion with the common feature of the orthogonality between the sGoldstino
directions and the inflaton. We have indeed already seen in Sec. 5.1.3 that
this construction allows for remarkable flexibility. We will show the details
below. In addition, we focus on flat Kähler geometry for the inflaton field Φ
such that the metric takes the form
ds2 = dΦ dΦ¯ . (5.27)
A useful parametrization forK which avoids the η-problem and allows for the
orthogonal separation between the inflaton and the sGoldstino was firstly in-
troduced in [146]. Successfully realizing chaotic inflation in supergravity was
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the original motivation of this investigation. This pioneering model consists
of
K = −12
(
Φ− Φ¯
)2
+ SS¯ , W = MSΦ , (5.28)
in terms of a real constant M . Inflation can be chosen to take place along
Φ − Φ¯ = S = 0, while the remaining degree of freedom Re(Φ) = φ has a
quadratic scalar potential:
V = M2φ2 . (5.29)
However, in this case the three truncated fields are not yet stabilised: while
the imaginary part of Φ has a Hubble-scale mass in compliance with the
η-problem, this is not the case for the S-field. To this end one can add a
higher-order term to the Kähler potential,
K = −12
(
Φ− Φ¯
)2
+ SS¯ + ζ
(
SS¯
)2
, (5.30)
which parametrises its curvature. The ensuing mass eigenvalues are
m2Im(Φ) = V +M2 , m2S = ζV +M2 . (5.31)
For coefficients ζ of order one this will indeed allow both Im(Φ) and S to be
stabilised.
Subsequently, a new development has build on this model to generate
other inflationary potentials in a similar manner, see e.g. [168]. This has cul-
minated in a model by Kallosh, Linde and Rube (KLR) [169], which consists
of a prescription of how to build a class of supergravity models allowing for a
completely arbitrary inflaton potential V (φ). Similar to the previous model,
it consists of two complex scalar fields Φ and S. The role of both fields will
be identical as before; the real part Re(Φ) = φ will be the inflaton field while
Im(Φ) and S will be essential in order to stabilise the inflationary trajectory,
along which such fields will vanish. However, the Kähler and superpotential
are generalised to the following:
K = K
(
(Φ− Φ¯)2, SS¯, S2, S¯2
)
, W = Sf(Φ) , (5.32)
where, similarly to the previous cases, f(Φ) is an arbitrary but real holomor-
phic function of the variable Φ.
The Kähler potential can be an arbitrary function of the arguments as
indicated, and, as a consequence, it is separately invariant under the following
transformations:
S → −S , Φ→ −Φ, Φ→ Φ + a, a ∈ R . (5.33)
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A first natural choice for K is Eq. (5.30). On the other hand, the pre-
scription Eq. (5.32) allows for more complicated functional forms, provided
they satisfy Eq. (5.33). Some examples with a logarithmic K are given
in [169, 171]. Notice that the Kähler curvature is still flat along the infla-
ton trajectory ImΦ = 0, although the 2-dimensional internal space may not
satisfy Eq. (5.27).
Amongst the main novelties of such a model is that a completely general
inflationary potential can be generated from a supergravity model. Moreover,
given K and W , one does not need to perform long calculations without
knowing whether the final form of the potential will be actually suitable for
inflation or not. Within this model, the form of the inflaton potential will
always be
V (φ) = f(φ)2, (5.34)
which is a completely general positive function of φ. This functional free-
dom is guaranteed by the symmetries of the Kähler potential K and by the
linearity of W in S.
In the above derivation we have set the three fields that are not protected
by the shift symmetry, i.e. S and Φ − Φ¯, equal to zero. The consistency of
this truncation can be seen from the full mass matrix, which gives rise to the
following eigenvalues:
m2Im(Φ) = f2
(
1−KΦΦ¯SS¯ − 12∂2Φ ln(f)
)
,
m2S = − (KSS¯SS¯ ± |KSSSS¯ −KSS |) f2 + (∂Φf)2 . (5.35)
Thus, for suitably chosen Kähler manifolds with the right sectional curvature,
the mass of these components is indeed Hubble-scale and hence they are
stabilised at their origin.
5.3 Hyperbolic Kähler geometry and attractors
In this Section, we would like to turn to the other maximally symmetric
possibility for the Kähler geometry of the inflaton field. This is the hyperbolic
space of the Poincaré disc or half-plane. The metric of the unit disc reads
ds2 = 3α dΨ dΨ¯(
1−ΨΨ¯
)2 , (5.36)
defined for ΨΨ¯ < 1. The usual Kähler potential associated with this space is
K = −3α ln
(
1−ΨΨ¯
)
. (5.37)
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Its curvature is given by
RK = −K−1ΨΨ¯∂Ψ∂Ψ¯ lnKΨΨ¯ = −
2
3α , (5.38)
that is constant and negative as expected (this space having hyperbolic ge-
ometry) and depending just on the parameter α.
It is possible to go to the half plane representation of this geometry10 by
means of a change of variables such as
Φ = 1 + Ψ1−Ψ , (5.39)
which leads to the metric
ds2 = 3α dΦ dΦ¯(
Φ + Φ¯
)2 , (5.40)
defined for Φ + Φ¯ > 0. The corresponding Kähler potential for this space
is the one already given in Eq. (5.16). The curvature, being an invariant,
remains the same as in Eq. (5.38). An interesting analysis regarding the
properties of such a geometry, its possible representations and connections
to physics is performed in [181].
Throughout the following, we will mainly make use of the half-plane co-
ordinates Φ as a matter of convenience. We will present supergravity models
of inflation that admit consistent truncation at Φ = Φ¯. Along this line, the
relation between the geometric field and the canonical normalized field ϕ is
Φ = Φ¯ = e−
√
2
3αϕ . (5.41)
This relation simply reflects the dramatic effects of the non-trivial geometry
of the hyperbolic Kähler manifold. This indeed induces a boundary in moduli
space (located at Φ = 0) where the theory attains a conformal [182] or a scale
symmetry [183] (depending on the parameter α). Inflation takes place as the
inflaton moves away from this boundary, leading to universal cosmological
predictions in terms of ns and r. In canonical coordinates, the boundary is
indeed pushed at ϕ =∞. Then, any generic expansion around this boundary
often corresponds to a scalar potential which is an exponential fall-off from
de Sitter such as
V = V0 + V1 e−
√
2
3αϕ + . . . , (5.42)
10The difference between the unit disk representation and the one in terms of the half
plane coordinates can be visually appreciated, respectively, in the picture of the front cover
and the bookmark of this thesis.
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where the dots represents subleading terms, irrelevant for values of α of order
one. This expansion automatically yields universal values for the spectral
index and tensor to scalar ratio, which read
ns = 1− 2
N
, r = 12α
N2
, (5.43)
at large values of the number of e-folds N . The predictions (5.43) provide
an excellent fit with the latest Planck data and, for specific values of α,
simply correspond to the ones of the Starobinky model [184] (together with its
supergravity implementations [170–172,185–187]) and Higgs inflation [188].
Remarkably, the Kähler curvature (5.38) plays a fundamental role in
this construction and, essentially, becomes a measurement of the amount
of primordial gravitational waves we are currently looking for in the sky
[92,173,189] (the previous works [145,172] already pointed out how sensitive
r is to the curvature RK and, then, to value of α). As α varies from infinity
(i.e. flat curvature) to order one or smaller, the inflationary predictions go
from completely arbitrary (in the flat case) to the very specific values above11.
Turning on the curvature therefore “pulls” all inflationary models into the
Planck dome in the (ns, r) plane, similarly to what is shown in Fig. 5.1.
The phenomenon described above, which intimately relates geometric
properties of the hyperbolic Kähler manifold to universal observational pre-
dictions, was first discovered in [92, 173, 182] and it is referred to as α-
attactors. However, some working examples were already found in previous
investigations such as [145,170–172], where simple and natural choices of the
superpotential (such as monomial or polynomial forms) lead to an inflation-
ary regime such as the one of Eq. (5.42). The common feature of all these
supergravity constructions is the complete orthogonality between the sGold-
stino S and the inflaton Φ. This is indeed very useful in order to kill the
negative term in the scalar potential Eq. (5.3). In the context of orthog-
onal inflation, the first analysis with varying Kähler curvature and general
superpotential W was performed in [145].
It is important to note that the final result may be different depending
on how the sGoldstino enters the Kähler potential. The field S may have a
simple canonical Kähler or appear inside the argument of the logarithm. We
have already outlined these two common choices in Eq. (5.26) and we will
present the details in the following subsections.
11Similar attractor behaviour has been noticed also in the context of models of inflation
with non-minimal coupling to gravity [91] (see also [190]). Interestingly, one can find a
common origin for the attractor phenomenon observed in both contexts. This is due to a
pole of order two in the kinetic term of the inflaton field [93] (see also [191,192])
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Figure 5.1
Hyperbolic Kähler geometries as well as non-minimal couplings to gravity or
non-canonical kinetic terms generically induce an attractor for observations. The specific
details of the model (in this case, we show monomial chaotic models of inflation) get
washed out and the observational predictions all converge to the “attractor point” denoted
by the yellow star. This evolution is normally regulated by a specific parameter of the
model, in the supergravity case being the value of the Kähler curvature.
5.3.1 Model with K = −3α ln(Φ + Φ¯− SS¯)
Here, we follow the analysis done in [145]. This supergravity construction is
characterized by the following choices for the Kähler potential and superpo-
tential:
K = −3α ln
(
Φ + Φ¯− SS¯
)
, W = Sf(Φ) , (5.44)
where f is still a real holomorphic function of its argument and the corre-
sponding Kähler manifold is SU(2, 1)/U(2). This model allows for a consis-
tent truncation to the inflationary trajectory at Im(Φ) = S = 012. However,
this does not imply that this truncation is also stable. For this, one needs to
consider the mass spectrum of such fields. In order for effective single-field
behaviour, these will have to be super-Hubble. We will later check, in ex-
plicit examples, to what extent this condition can be met. Moreover, in the
case of Eq. (5.44), the shift symmetry is enhanced to the three-dimensional
12Note that this is valid more in general for any Kähler potentials of the form K =
K(Φ + Φ¯, SS¯, S2, S¯2)
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Heisenberg group13, which acts in the following way
Φ→ Φ + ia+ b¯S + 12 |b|2 , S → S + b , a ∈ R , b ∈ C . (5.45)
The scalar potential as function of the fields Φ and S reads
V = |S|
2
3α
(
X1−3α|S|2 +X2−3α
) ∣∣∣∣f ′ + 3αfX
∣∣∣∣2 + X1−3α3α |f |2
(
1 + 3α|S|
2
X
)2
+X
1−3α
3α |S|
2
(
1 + 3α|S|
2
X
)[
f¯
(
f ′ + 3αf
X
)
+ f
(
f¯ ′ + 3αf¯
X
)]
−3 |S|
2|f |2
X3α
, (5.46)
where, for convenience of notation, we have defined a compact variable X
such as
X ≡ Φ + Φ¯− SS¯ . (5.47)
Thus at S = 0 the potential is simply
V = X
1−3α|f |2
3α . (5.48)
In terms of real and imaginary parts for Φ and the field S, the masses of the
fields read:
m2Re(Φ) =
2
3α
[
X1−3α
(
3α− 2 + 13α
)
f2 +X2−3α
( 1
α
− 2
)
ff ′ + X
3−3α
6α (ff
′′ + f ′2)
]
,
m2Im(Φ) =
2
3α
[
X1−3α
(
1− 13α
)
f2 − X
2−3α
3α ff
′ + X
3−3α
6α (f
′2 − ff ′′)
]
,
m2S =
X1−3α
3α
(
3α− 2− 13α
)
f2 + X
2−3α
3α
( 2
3α − 2
)
f ′f + X
3−3α
9α2 f
′2.
(5.49)
Clearly, for a successful single-field inflationary model, the first of these has
to be light whereas the latter three degrees of freedom need to be stabilised,
either around or above the Hubble scale.
13The symmetry of the Heisenberg invariant Kähler potential has also been employed to
solve the η-problem in [193,194]. However, that scenario differs in an important way from
the present: in that case, the field S is identified as the inflaton, whereas a third superfield
is added to play the role of the sGoldstino. The inflationary predictions of that set-up are
thus unrelated to ours.
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Example with α = 1
A first interesting example of the model above is given by the Cecotti model
of inflation14. This is found for α = 1 and the following potentials:
K = −3 log
(
Φ + Φ¯− SS¯
)
, W = 3MS(Φ− 1) . (5.50)
In terms of a canonically normalised scalar field ϕ, this yields the scalar
potential
V = 34M
2
(
1− e−
√
2ϕ/
√
3
)2
. (5.51)
Inflation takes place at large ϕ. In this limit the three masses become
m2 = {0, 4H2,−2H2} , (5.52)
where H2 = V/3. This has been demonstrated to be equivalent to Starobin-
sky’s R + R2 model of inflation [184]. The relations of this model to super-
conformal supergravity have been discussed in [171]. In this reference it was
also been pointed out that the S field is not stable with this Kähler choice;
to this end one could add a stabilising term β(SS¯)2/(Φ+Φ¯) to the argument
of the logarithm leading to
m2S = (−2 + 4β)H2 , (5.53)
which is finite along the whole inflationary trajectory and positive for an
appropriate choice of β. Instead, we find that the imaginary part of Φ is
stable with the present Kähler potential and hence poses no problems for
inflation.
Example with α = 1/3
A generalisation of previous example arises when one allows for a different
curvature of the Kähler manifold, i.e. including the parameter α. For sim-
plicity we will keep the same superpotential. Following the same line of
reasoning, one ends up with a scalar potential for a canonically normalised
scalar field ϕ that reads
V = 2
1−3α(3M)2
α
[
e(3−3α)ϕ/
√
6α − e(1−3α)ϕ/
√
6α
]2
. (5.54)
14 A similar set-up with an identical Kähler potential (5.50) was also used to embed the
Starobinsky model in supergravity [185]. However, in that case the inflaton was identified
with one of the directions of S, while the Φ field was argued to be stabilised by other means.
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For generic values of α this will lead to an exponential potential for large
|ϕ|. There are only two exceptions to this behaviour: the first is for α = 1
discussed above, while the second is for α = 1/3. Interestingly, this value is
also consistent with string theory and leads to inflation for large and negative
ϕ. The scalar potential becomes
V = 9M2
(
e
√
2ϕ − 1
)2
, (5.55)
and thus can be obtained from the Starobinsky potential by a sign flip and
stretching in the ϕ direction. Nevertheless, in this case one needs to stabilise
even along the ImΦ direction as the three masses (5.49) asymptote to
m2 = {0, 0,−6H2} . (5.56)
Having a viable single-field scenario translates into adding a term −γSS¯(Φ−
Φ¯)2/(Φ + Φ¯)2, together with the same term stabilising S in the case α = 1,
to the argument of the logarithm. With these choices, the mass spectrum
turns to be finite along the inflaton direction and takes the following values:
m2 = {0, 12γH2, (−6 + 12β)H2} . (5.57)
Interestingly, a value of β > 1/2 leads to positive mass of the field S, inde-
pendently of the parameter α. Moreover, this model leads to the following
spectral index and tensor-to-scalar ratio for different numbers of e-foldings:
N = 50 : ns = 0.961 , r = 0.0015 ,
N = 60 : ns = 0.967 , r = 0.0011 . (5.58)
Comparable to Starobinsky’s, these are also comfortably consistent with the
Planck results.
Original version of α-attractors
From the previous example, it is clear that one cannot allow for arbitrary val-
ues of the parameter α by keeping the simple superpotential as in Eq. (5.50).
Dangerous exponential terms may indeed ruin the flatness of the scalar poten-
tial and spoil inflation. The solution to this problem was found by Kallosh,
Linde and Roest in the context of superconformal α-attractors [92]. It con-
sists in allowing for an α-dependence of the superpotential such as
W = SΦ(3α−1)/2f(Φ) , (5.59)
while still keeping the same K as in Eq. (5.50). Then, any generic expansion
of f around Φ = 0 translates into a scalar potential being an exponential
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fall-off from a de Sitter plateau in terms of ϕ such as Eq. (5.42), typical of
α-attractors.
The original version of α-attractors [92] was formulated in terms of disk
coordinates Ψ and stability was proved for any value of the curvature. Later,
it was shown in [173, 195] that the same physics can be described by means
of half-plane coordinates Φ.
5.3.2 Model with K = −3α ln(Φ + Φ¯)− SS¯
A remarkable simplification arises when the field S enters the Kähler poten-
tial as a simple canonical sector. The framework defined by
K = −3α ln
(
Φ + Φ¯
)
− SS¯, W = SΦ3α/2f(Φ) . (5.60)
yields indeed always a scalar potential which attains a plateau at infinite
values of the canonical inflaton ϕ and has exponential drop-off at finite values.
This happens at Φ = Φ¯ and for any generic expansion of the function f in
the superpotential. The curious power of Φ in Eq. (5.59) becomes an overall
factor which can be gauged away by means of a Kähler transformation thus
yielding a Kähler potential which is invariant under a shift of the canonical
inflaton [196]. Interestingly this case, where the Kähler (5.60) parametrizes
a manifold SU(2, 1)/U(1)× U(1), leads generically to an improved stability
of the system [197] (see also Ch. 6). It was first analyzed in full generality
by [95, 174, 175] (the case α = 1 was previously investigated by [176]). The
field S has canonical kinetic terms and its directions may be stabilized by
means of higher order terms in the Kähler potential. Alternatively it may
be identified as a nilpotent superfield. We will discuss this latter case in the
next Chapter.
5.4 α-Scale supergravity and attractors
In the previous sections, we have studied the stringent implications of the
geometric properties of the internal Kähler manifold on the physics of in-
flation. Specifically, we have shown how a non-trivial hyperbolic geometry
yields dire observational consequences and forces the cosmological parame-
ters ns and r to converge towards the universal values (5.43). However, we
must note that all the models presented above (including the original formu-
lation of α-attractors [92,173]) employ the orthogonal separation between the
inflationary and the supersymmetry breaking directions. Then, one would
like to answer a very natural question: is the attractor phenomenon inde-
pendent from the field responsible for supersymmetry breaking? Answering
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this question is certainly very important in order to prove the generality of
the attractor mechanism, independently of the other fields involved. This is
a fundamental step towards a proper string theory realization where many
moduli appear naturally.
In this following we present evidence for the universality of α-attractors:
while the previous models contain two chiral supermultiplets and employ a
separation between the inflaton and the sGoldstino, we demonstrate that the
same phenomenon can be achieved in a model containing just one superfield.
The economical framework of realizing inflation in single-superfield models
has been discussed in [153, 154, 157–161, 198], but these do not include a
variable Kähler geometry and hence lack the parameter α.
Our construction also highlights a novel approach to Minkowski and de
Sitter model building. Whereas the classic no-scale supergravity [165–167]
yields two flat Minkowski directions, one of these can be lifted to a stable
direction by deforming the Kähler curvature and allowing for a more general
monomial dependence of the superpotential. Interestingly, a combination of
these structures leads to a De Sitter plateau. This turns out to be stable only
for such α-deformed supergravities with a smaller Kähler curvature than the
one corresponding to a combination of no-scale constructions. Remarkably,
generic deformations of these De Sitter plateaus lead to inflationary regimes
with prediction (5.43). This sheds light on the fundamental origin of the
attractor phenomenon.
Finally, analogous results emerge in the singular limit α→∞ where the
Kähler geometry becomes flat. However, in this case the natural ingredients
providing Minkowski or dS solutions and inflationary deformations will be
exponentials, peculiar to this geometry.
5.4.1 No-scale supergravity and de Sitter
Our starting point will be the no-scale structure for a supergravity with a
single chiral superfield. In this case the Kähler potential reads
K = −3 ln
(
Φ + Φ¯
)
, (5.61)
describing a manifold SU(1,1)/U(1) and invariant under a shift of Im(Φ),
while the superpotential is independent of the superfield and hence constant.
This model is characterized by a Minkowski vacuum in any point in field
space, as it is shown in Fig. 5.2. The negative definite contribution to the
scalar potential, proportional to the square of the superpotential, is can-
celled by the positive definite term, proportional to the square of the order
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Figure 5.2
The scalar potential of the no-scale model being a flat Minkowski plane.
parameter of supersymmetry breaking
DΦW = ∂ΦW +KΦW . (5.62)
Note that only the latter term of this contribution is non-vanishing due to
the constancy of the superpotential. The resulting no-scale model necessarily
has a flat direction along the imaginary part of Φ, as this does not appear in
either K or W .
By a field redefinition, one can bring this simple no-scale model to a dif-
ferent form. In particular, in order to leave the Kähler potential invariant,
one can combine an inversion of the holomorphic field Φ with a specific Käh-
ler transformation, defined as in Eq. (5.6), with λ = −3 ln Φ in this case.
Under these transformations, a constant superpotential becomes cubic in-
stead. While this model has the same scalar potential and is therefore also
of the no-scale type, it receives contributions from both terms in DΦW .
Remarkably, one can combine the constant and cubic superpotentials to
move away from no-scale models and generate a non-vanishing cosmological
constant. In particular, the superpotential
W = 1− Φ3 , (5.63)
leads to a scalar potential with a flat direction along Φ = Φ¯, where the
original Minkowski vacuum is shifted to V = 32 (while the combination with
opposite sign leads to AdS), as one can see in Fig. 5.3. However, this De
Sitter solution turns out to be unstable: the mass of the imaginary direction
is given by m2ImΦ = −2.
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Figure 5.3
Scalar potential of the model defined by Eq. (5.63). The interference of the constant and
cubic superpotentials leads to an unstable de Sitter phase.
5.4.2 α-Scale supergravity and stable de Sitter
In order to improve on the previous instability, we will consider the logarith-
mic Kähler potential of the form15
K = −3α ln
(
Φ + Φ¯
)
. (5.64)
This still parametrizes a symmetric geometry SU(1, 1)/U(1), whose curva-
ture is given by Eq. (5.38).
A single monomial superpotential W = Φn will give a scalar potential
equal to
V = 8
−α [(2n− 3α)2 − 9α]
3α Φ
2n−3α , (5.65)
along the real direction Φ = Φ¯. Note that a constant potential corresponds
to 2n = 3α which, for any value of α, leads always to AdS [172]. In contrast,
a vanishing scalar potential corresponds to one of the following solutions
n± =
3
2
(
α±√α) , (5.66)
displayed in Fig. 5.4. These are the counterparts of the constant and cubic
superpotentials of the previous section, corresponding to α = 1. We will refer
to the above model as α-scale supergravities for the following reason.
15We already presented this form ofK in Eq. (5.16), in the context of sGoldstino inflation.
We explicitly show this again for a matter of convenience.
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Similarly to the standard no-scale model, the real part of Φ has flat direc-
tion. On the other hand, the mass of the imaginary part gets a dependence
on the field and, along ImΦ = 0, reads
m2ImΦ =
22−3α(α− 1)
α
e∓
√
6ϕ , (5.67)
where the sign of the power depends on the choice of one of the solutions
(6.50). This result assures stability of the Minkowski vacuum for α ≥ 1 [199].
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The monomial powers n± for the α-scale models as function of α.
Following the previous construction, one obtains a de Sitter plateau along
the real direction by considering a pair of monomials,
W = Φn− − Φn+ , V = 3 · 22−3α . (5.68)
While this generically leads to terms with irrational powers, these are integers
when α is a perfect square. Moreover, the more general choice with 9α
a perfect square yields still integer powers multiplied by an overall phase
which can be gauged away by means of a Kähler transformation.
Remarkably, unlike the standard case α = 1, the mass of ImΦ gets also
some field dependent contributions and, along the real axis, reads
m2ImΦ = −
4V
3α
[
1− (α− 1) sinh2
(√
3
2ϕ
)]
. (5.69)
Such a solution for the mass of the imaginary component allows to identify
regions of stable de Sitter vacua, as one can appreciate in Fig. 5.5. In partic-
ular, for α > 1, the field dependent terms dominate in the limit of large |ϕ|,
leading to a positive mass for the imaginary component. Just a small region
around the symmetric point (ϕ = 0) leads to an instability, which disappears
in the limit α→∞.
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Figure 5.5
Scalar potential of the α-scale model (with α = 4) with stable de Sitter along ImΦ = 0.
5.4.3 Single superfield α-attractors
Once we know how to construct de Sitter in this context, we can add cor-
rections to the superpotential (5.68) in order to reproduce a consistent infla-
tionary dynamics. Deviations from the positive plateau are given by higher
powers n of Φ (n− < n+ < n). In full generality, one can consider a defor-
mation of the form
W = Φn− − Φn+F (Φ) , (5.70)
with F being a general function with an expansion F (Φ) = ∑n cnΦn. The
corresponding scalar potential, in terms of the geometric field Φ, reads
V =
22−3α (ΦF ′(Φ) + 3
√
αF (Φ))
(
Φ3
√
α+1F ′(Φ) + 3
√
α
)
3α , (5.71)
along the real axis, where primes denote derivatives with respect to Φ. In
the inflationary regime, close to Φ = 0, only the first non-constant term is
relevant: the scalar potential approximates an exponential fall-off from a de
Sitter plateau such as Eq. (5.42) at large values of the canonical field ϕ.
The inflationary scenario emerging from this construction is therefore the
one typical of the α-attractors: the Kähler geometry, described by eq. (5.64),
determines unequivocally the observational predictions which, on the other
hand, will be insensitive to specific changes in the superpotential. Moreover,
the predicted values for the spectral tilt and tensor-to-scalar ratio are (5.43),
in the limit of large number of e-foldings N .
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Figure 5.6
Scalar potential and imaginary mass of the model defined by Eq. (5.72) in terms of ϕ for
α = {1, 4, 9}. The blue line represents the instability occurring at α = 1.
To demonstrate the stability and vacuum structure with an explicit ex-
ample, we take
F (x) = 1 + 3
√
α− 3√αx . (5.72)
These coefficients have been chosen to have a quadratic expansion around the
Minkowski minimum at Φ = 1. Both the scalar potential along the real axis
as well as the mass of the imaginary direction is shown in Fig. 5.6 for different
values of α. This model is fully stable for α > 1 while the Kähler curvature
leads to an instability along the imaginary direction when α ≤ 1. Finally,
its observational predictions superimposed on the confidence levels released
by Planck2015 [13] are given in Fig. 5.7. These interpolate between the α-
attractor values (3.55) and (3.56), and those of a linear scalar potential.
The above approach leads to a supersymmetric Minkowski minimum.
Uplifting this vacuum by means of supersymmetry breaking to include a
non-zero cosmological constant is strongly constrained [200]: generically this
cannot be done with a small deformation and, within one single superfield,
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Figure 5.7
The (ns, r) predictions for N = 50 and N = 60 of the model Eq. (5.72) superimposed on
the Planck constraints. The predictions interpolate between (3.55) and (3.56) for small
and order-one α and those of linear inflation for large α.
leads to an undesirable large gravitino mass [160]. An additional nilpo-
tent sector can elegantly solve the issue of the separation of the physical
scales [95,162,175,198,201–203]. Nevertheless, as the two sectors prove to be
independent from each other and play distinct roles [95], it remains funda-
mental to construct a consistent inflationary dynamics in a single superfield
context.
5.4.4 Flat Kähler limit
In the singular limit α → ∞ the Kähler geometry becomes flat. One could
wonder whether there is a similar α-scale model as well as de Sitter uplift in
this limit. Indeed this is the case: upon a field redefinition Φ→ exp(2Φ/√3α)
and a Kähler transformation with λ = 32α ln 2 +
√
3αΦ, the Kähler potential
(5.64) yields
K = −12
(
Φ− Φ¯
)2
, (5.73)
in the singular limit α→∞. Note that K has become shift-symmetric in the
inflaton field ReΦ [146]. This naturally provides a solution to the so-called
η-problem [144], whereas, for finite values of α, the latter is mitigated by the
logarithmic form (5.64) [145].
Under the same operations, the monomial superpotential turns into (mod-
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ulo a constant, overall rescaling)
W = e±
√
3Φ . (5.74)
One can check that this leads to a vanishing scalar potential along the line
Φ = Φ¯. Moreover, a linear combination of the two exponentials, such as
W = sinh(
√
3Φ), leads to a constant and positive value of V (while a cosh,
instead, leads to AdS). The mass of the orthogonal imaginary component of
Φ is equal to the α→∞ limit of (5.69).
The above construction can be perturbed to have deviations from de
Sitter and produce a consistent inflationary dynamics. A first guess could
be to include the same deformation in the polynomial (5.70) and take the
α → ∞ limit. However, in this case the field dependence of this function is
washed out: for finite values of the constants cn, the resulting superpotential
reads
W = e
√
3Φ − e−
√
3ΦF (1) , (5.75)
leading to a constant scalar potential.
A more natural possibility, given the exponential ingredients of the above
superpotential, would be to take
W = e
√
3Φ − e−
√
3ΦF
(
e−2Φ/
√
3α′
)
, (5.76)
where we have parametrized the additional dependence in terms of a new
parameter α′. Remarkably, when truncating to the real axis, the scalar po-
tential arising from this supergravity model with a flat Kähler geometry is
identical to (5.71) of the supergravity model with a curved Kähler geometry,
provided one identifies α = α′. The specific choice (5.72) for F in this case
leads to the identical predictions of Fig. 3; however, interestingly, this model
proves to be stable for any positive value of α.
It therefore turns out to be possible to represent the same single-field
inflationary potential by means of curved or flat Kähler geometry. Only
the former has the attractive interpretation of the robustness of α-attractors
arising from a non-trivial Kähler geometry; the same dynamics arises in the
flat case by the peculiar non-polynomial form of W .
The first example of such a model [153, 154, 161] fits perfectly into the
recipe given above: it has a superpotential
W = sinh(
√
3Φ) tanh(
√
3Φ) , (5.77)
corresponding to the choice F (x) = (3 − x)/(1 + x) for the case of α′ =
1/9. The same inflationary potential can also be embedded in a logarithmic
Kähler structure [198].
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5.4.5 Discussion
In this Section we have outlined a strikingly simple route to construct single
superfield models with stable de Sitter solutions. Generic deformations of
these models yield an inflationary trajectory fully consistent with Planck.
The key quantity in this set of models, similar to the original α-attractors, is
the curvature of the Kähler manifold (3.56). This quantity determines both
the (in)stability of such constructions as well as the inflationary predictions
of the deformed models.
Remarkably, this provides a realization of α-attractors employing a sin-
gle superfield, in constrast to the two-field model of [92, 173]. This suggests
that the phenomenon of Kähler curvature leading to the inflationary pre-
dictions (3.55) and (3.56) is universal, and applies to a much larger set of
Kähler geometries than SU(1, n)/U(n) with n = 1, 2.
Given the prominence of no-scale models in the literature, it would be
interesting to study other possible applications of the α-generalization re-
viewed in this Section and originally proposed in [94]. An example could be
the no-scale inflationary constructions of [172, 176, 185, 204, 205]. Moreover,
while we have focused on single superfield models, it is straightforward to
generalize this construction to multi-fields:
K =
∑
i
−3αi log(Φi + Φ¯i) , W =
∏
i
Φnii , (5.78)
where we have suppressed other fields with a different dependence. The
condition for Minkowski is
∑
i
(2ni − 3αi)2
3αi
= 3 . (5.79)
Remarkably, also in the multi-field case, the interference of superpotential
terms with flat Minkowski vacua leads to a de Sitter phase, proving the
generality of such a feature. It would be very interesting to investigate the
stability and inflationary aspects of such constructions.
Finally, our construction invites investigations of string theory scenarios
leading to (5.78). Many moduli contribute with a factor αi = 1/3 to the
Kähler potential, while flux compactifications yield polynomial contributions
to the superpotential. It would be of utmost interest to realize this in a
concrete setting.

6
Inflation and de Sitter Landscape
In this chapter, we discuss the possibility to construct a consistent and
unified framework for inflation, dark energy and supersymmetry break-
ing. This approach is motivated by the idea that a vast landscape of
string vacua may provide a possible explanation for the value of the cur-
rent acceleration in our Universe. We employ an effective supergravity
description and investigate the restrictions and main properties coming
from the interplay between the inflationary and the supersymmetry break-
ing sectors. Specifically, we show that the physics of a single-superfield
scenario is highly constrained due to a specific no-go theorem regarding
the uplifting of a SUSY Minkowski vacuum. On the other hand, the addi-
tion of a nilpotent sector yields remarkable simplifications and allows for
controllable level of dark energy and supersymmetry breaking. We study
this powerful framework both in the context of flat Kähler geometry and
in the case of α-attractors. Interestingly, in the latter case, we prove
that the attractor nature of the theory is enhanced when combining the
inflationary sector with the field responsible for uplfting: cosmological
attractors are very stable with respect to any possible value of the cos-
mological constant and, remarkably, to any generic coupling of the two
sectors. The novel results of this Chapter are based on the publications
[vi], [vii] and [ix].
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6.1 Introduction and outline
Observational evidence [13, 14, 206–208] seems to point at acceleration as a
fundamental ingredient of our Universe. Primordial inflation is the leading
paradigm to account for the origin of the anisotropies in the CMB radiation
and, then, the formation of large scale structures (as we reviewed in Ch. 2 and
Ch. 3 of this thesis). These are currently observed to experience a mysterious
accelerating phase, whose source has been generically called dark energy.
Although the origin of both early- and late-time acceleration still represents
a great theoretical puzzle, the simple assumption that the potential energy of
a scalar field may serve as fundamental source has turned out to be successful
in terms of investigation, extraction of predictions and agreement with the
present observational data (see Ch. 3). In the simplest scenario, a scalar
field slowly rolls down along its potential, driving inflation, and eventually
sits in a minimum with a small positive cosmological constant of the order
Λ ∼ 10−120, as displayed in Fig. (6.1).
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Figure 6.1
Cartoon picture of the simplest possible scenario where a single scalar field is responsible
both for inflation and current acceleration of the Universe. The amount of dark energy
can be controlled, following the string landscape scenario.
The embedding into high-energy physics frameworks, such as supergravity
or string theory, seems to be natural. On the one hand, the high energy-scale
of inflation would require UV-physics control (see Ch. 5 for supergravity
embeddings of the inflationary paradigm). On the other hand, the anthropic
argument in a landscape of many string vacua [108, 209–213] would provide
a possible explanation of the smallness of the current cosmological constant.
In an effective unified framework for inflation and dark energy, the con-
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crete implementation of the idea of a de Sitter landscape would provide an
enormous number of possibilities for the minimum of the scalar potential
where the field eventually sits after driving inflation. Quantum corrections
or interactions with other particles may certainly lead to some additional
contributions to the value of the potential at the minimum. However, this
should not affect the existence of a landscape of dS vacua and any possible
correction to the cosmological constant (CC) would be easily faced, within
a scenario with controllable level of dark energy. Therefore, we aim to con-
struct a supergravity framework suitable for inflation with exit into de Sitter
space with all possible values of the cosmological constant (see Fig. (6.1)).
Our starting point will be the models of inflation discussed in Ch. 5. A
common property of these scenarios is that supersymmetry is restored at the
minimum V = 0 after inflation ends. Then, uplifting the SUSY Minkowski
vacuum seems to be the next natural step in order to consider the current
acceleration. However, it has been pointed out that obtaining a de Sitter
vacuum from a SUSY one is subject to a number of restrictions encoded in
a recent no-go theorem [200] which make a unified picture of inflation and
dark energy very challenging to achieve, especially when using just one chiral
superfield [160]. Specifically, this generically yields a large Gravitino mass
which is undesirable from a phenomenological point of view. We discuss the
case of one single superfield in detail in Sec. 6.2, in the context of the model
proposed by Ketov and Terada in [158, 159] (we have already reviewed this
framework in the previous chapter).
A way to overcome the issue of uplifting a SUSY Minkoswki minimum
and still having controllable level of SUSY breaking is to employ a nilpo-
tent superfield S [138, 214–219] (we review the important properties of this
construction in Sec. 6.3.1). In fact, the nilpotent field seems to be naturally
related to de Sitter vacua when coupled to supergravity [220–225] (see [226]
for an interesting review on this topic) and it has been used in order to con-
struct inflationary models with de Sitter exit and controllable level of SUSY
breaking at the minumum [198, 202, 203, 227–230]. The two sectors appear-
ing in these constructions have independent roles: the Φ-sector contains the
scalar which evolves and dynamically determines inflation and dark energy
while the field S is responsible for the landscape of vacua. However, in gen-
eral, the inflationary regime is really sensitive to the coupling between the
two sectors and to the value of the uplifting. One needs to make specific
choices for the superpotential. We show the details and the limitation of this
construction in Sec. 6.3.
Finally, in Sec. (6.4), we present special stability of α-attractors when
combined with a nilpotent sector. We prove that their inflationary predictions
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are extremely stable with respect to any possible value of the cosmological
constant and to any generic coupling between Φ and S, exhibiting attractor
structure also in the uplifting sector. These scenarios simply emerges as the
most generic expansion of the superpotential.
6.2 Single superfield inflation and dark energy
In this Section, we intend to investigate the consequences of uplifting a SUSY
Minkoswki vacuum in a supergravity framework consisting of just one super-
field. Specifically, we consider the class of inflationary theory proposed by
Ketov and Terada (KT) [158, 159]. Following [159], one may consider a log-
arithmic Kähler potential of the form1
K = −3 ln
1 + Φ + Φ¯ + ζ
(
Φ + Φ¯
)4
√
3
 . (6.1)
Notice that, within this model, the inflaton field is played by the ImΦ = χ,
unlike the other supergravity constructions considered in Ch. 5. The quartic
term in the argument of the logarithm is introduced in order to stabilize the
field χ during inflation at φ ≈ 0.
As already explained in Sec. 5.1.3, this supergravity scenario allows to
produce an almost arbitrary inflaton potential when φ  1. After inflation,
the field rolls down towards a Minkowski minimum placed at Φ = 0 where
supersymmetry is unbroken.
This situation is valid for a large variety of superpotentialsW (Φ), but not
for all of them. In particular, we will show that one can have a consistent
inflationary scenario in the theory with the simplest superpotential W =
cΦ + d, but both fields φ and χ evolve and play an important role. At the
end of inflation, the field may roll to a Minkowski vacuum with V = 0 or
to a dS vacuum with a tiny cosmological constant Λ ∼ 10−120. This is an
encouraging result, since a complete cosmological model must include both
the stage of inflation and the present stage of acceleration of the universe, and
our simple model with a linear potential successfully achieves it. However,
this success comes at a price: in this model, supersymmetry after inflation
is strongly broken and the gravitino mass is 2 × 1013 GeV, which is much
greater than the often assumed TeV mass range.
1We already presented this Kähler potential in the context of sGoldstino inflation in
Ch. 5. We explicitly show this again for a matter of convenience.
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In view of this result, one may wonder what will happen if one adds a tiny
correction term cΦ + d to the benchmark superpotentials of the inflationary
models described in [159] with supersymmetric Minkowski vacua. Naively,
one could expect that, by a proper choice of small complex numbers c and d,
one can easily interpolate between the AdS, Minkowski and dS minima. In
particular, one could think that for small enough values of these parameters,
one can conveniently fine-tune the value of the vacuum energy, uplifting the
original supersymmetric minimum to the desirable dS vacuum energy with
Λ ∼ 10−120.
However, the actual situation is very different. We will show that adding a
small term cΦ+d always shifts the original Minkowski minimum down to AdS,
which does not correctly describe our world. Moreover, unless the parameters
c and d are exponentially small, the negative cosmological constant in the AdS
minimum leads to a rapid collapse of the universe. For example, adding a tiny
constant d ∼ 10−54 leads to a collapse within a time scale much shorter than
its present age. Thus, the cosmological predictions of the models of [159] with
one chiral superfield and a supersymmetric Minkowski vacuum are incredibly
unstable with respect to even very tiny changes of the superpotential. Of
course one could forbid such terms as cΦ+d by some symmetry requirements,
but this would not address the necessity to uplift the Minkowski vacuum to
Λ ∼ 10−120.
While we will illustrate this surprising result using KT models as an
example, the final conclusion is very general and valid for a much broader
class of theories with a supersymmetric Minkowski vacuum; see a discussion
of a related issue in [201]. We will show that this result is a consequence of
the no-go theorem of [200] (see also [149, 177]), which is valid for arbitrary
Kähler potentials and superpotentials and also applies in the presence of
multiple superfields:
One cannot deform a stable supersymmetric Minkowski vacuum with a
positive definite mass matrix to a non-supersymmetric de Sitter vacuum
by an infinitesimal change of the Kähler potential and superpotential.
This no-go theorem can be understood from the role of the sGoldstino field,
the scalar superpartner of the would-be Goldstino spin-1/2 field (as also
emphasized in [151, 157, 197]). Since the mass of the sGoldstino is set by
the order parameter of supersymmetry breaking, it must vanish in the limit
where supersymmetry is restored. The only SUSY Minkowski vacua that are
continuously connected to a branch of non-supersymmetric extrema therefore
necessarily have a flat direction to start with: this is the scalar field that will
play the role of the sGoldstino after spontaneous SUSY breaking. A corollary
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of this theorem is that one cannot obtain a dS vacuum from a stable SUSY
Minkowski vacuum by a small deformation. As we will see, this is exactly
what forbids a small positive CC after an infinitesimal change of the KT
starting point.
As often happens, the no-go theorem does not mean that uplifting of the
supersymmetric Minkowski minimum to a dS minimum is impossible. In
order to achieve that, the modification of the superpotential should be sub-
stantial. We will show how one can do it, thus giving a detailed illustration
of how this no-go theorem works and how one can overcome its conclusions
by changing the parameters of the correction term cΦ + d beyond certain
critical values. For example, one can take d = 0 and slowly increase c. For
small values of c, the absolute minimum of the potential corresponds to a su-
persymmetric AdS vacuum. When the parameter c reaches a certain critical
value, the minimum of the potential ceases to be supersymmetric, but it is
still AdS. With a further increase of c, the minimum is uplifted and becomes
a non-supersymmetric dS vacuum state. Once again, we will find that the
modification of the superpotential required for the tiny uplifting of the vac-
uum energy by Λ ∼ 10−120 leads to a strong supersymmetry breaking, with
the gravitino mass many orders of magnitude greater than what is usually
expected in supergravity phenomenology.
This problem can be solved by introducing additional chiral superfields
responsible for uplifting and supersymmetry breaking. However, this may
require an investigation of inflationary evolution of multiple scalar fields,
unless the additional fields are strongly stabilized [231] or belong to nilpotent
chiral multiplets [161,201–203,228].
6.2.1 Inflation and uplifting with a linear superpotential
To understand the basic features of the theories with the Kähler potential
(6.1), it is instructive to calculate the coefficient G(φ, χ) in front of the ki-
netic term of the field Φ. For an arbitrary choice of the superpotential, this
coefficient is given by
G(φ, χ) = 3(1 + 32ζ
2φ6 − 8ζφ2(3√3 +√2φ))
(
√
3 +
√
2φ+ 4ζφ4)2
. (6.2)
This function does not depend on χ. For small φ the fields are canonically
normalized. G(φ, χ) is positive at small φ, while it vanishes and becomes
negative for larger values of |φ| (provided ζ > 0). Thus the kinetic term
is positive definite only in a certain range of its values, depending on the
constant ζ. In this Section, we will usually take ζ = 1, to simplify the
comparison with [159], see Fig. 6.2.
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Figure 6.2
The coefficient in front of the kinetic term for the field Φ as a function of φ for ζ = 1.
It is equally important that the expression for the potential V in this the-
ory, for any superpotential, contains the coefficient 1 + 32ζ2φ6− 8ζφ2(3√3 +√
2φ) in the denominator, so it becomes infinitely large exactly at the bound-
aries of the moduli space where the kinetic term vanishes (for ζ = 1, the
boundaries are located at φ ≈ ±0.15). For large ζ, the domain where G is
positive definite becomes more and more narrow, which is why the field φ
becomes confined in a narrow interval, whereas the field χ is free to move
and play the role of the inflaton field. This is very similar to the mechanism
of realization of chaotic inflation proposed earlier in a different context in
Section 4 of [232].
We will study inflation in this class of theories by giving some examples,
starting from the simplest ones. The simplest superpotential to consider is
a constant one, W = m. In this case, the potential does not depend on the
field χ. It blows up, as it should, at sufficiently large φ, and it vanishes at
φ = 0, see Fig. 6.3. This potential does not describe inflation.
As a next step, we will consider a superpotential with a linear term
W = m (cΦ + 1) . (6.3)
In this case, just as in the case considered above, the potential has an exactly
flat direction at φ = 0, but now the potential at φ = 0 is equal to
V (φ = 0, χ) = m2c (c− 2√3) . (6.4)
Thus for c < 2
√
3 it is an AdS valley, but for c > 2
√
3 it is a dS valley.
But this does not tell us the whole story. At large χ, the minimum of the
potential in the φ direction is approximately at φ = 0, but at smaller χ, the
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Figure 6.3
The scalar potential in the theory with a constant superpotential W = m. For ζ = 1, it
blows up at φ ≈ 0.15, and it does not depend on the field χ, forming a narrow Minkowski
valley surrounded by infinitely steep walls.
minimum shifts towards positive φ. For2 c ≈ 3.671, the potential has a global
non-SUSY Minkowski minimum with V = 0 at χ = 0 and φ ≈ 0.06. By a
minuscule change of c one can easily adjust the potential to have the desirable
value Λ ∼ 10−120 at the minimum. This requires fine-tuning, but it should
not be a major problem in the string landscape scenario. The full potential
is shown in Fig. 6.4. In general, one would expect higher-order corrections
which might slightly perturb the potential; however, we focus on the effect
of the lower-order terms.
Inflation in this models happens when the field slowly moves along the
nearly flat valley and then rolls down towards the minimum of the potential.
It is a two-field dynamics, which cannot be properly studied by assuming that
φ = 0 during the process, as proposed in [158, 159]. Indeed, the potential
along the direction φ = 0 is exactly constant, so the field would not even
move if we assumed that during its motion. However, because of the large
curvature of the potential in the φ direction, during inflation this field rapidly
reaches an inflationary attractor trajectory and then adiabatically follows the
position of the minimum of the potential V (φ, χ) for any given value of the
field χ(t). This can be confirmed by a numerical investigation of the combined
evolution of the two fields whose dynamics is shown in Fig. 6.5.
Then, the adiabatic approximation of the effective potential driving in-
2An understanding of this value of c and its role in terms of (non-)supersymmetric
branches is given in appendix A of [160].
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Figure 6.4
The scalar potential in the theory with W = m (cΦ + 1), for ζ = 1. For c ≈ 3.671, it has a
dS valley, and a near-Minkowski minimum at χ = 0, φ ≈ 0.06. Inflation happens when
the field slowly moves along the nearly flat valley and then rolls down towards the
minimum of the potential. It is a two-field inflation, which cannot be properly studied by
assuming that φ = 0 during the process.
flation reads
V (φ(χ), χ) = m2c (c− 2√3)− 2m
2(c−√3)2
27
√
3χ2
, (6.5)
neglecting higher order terms which play no role in the inflationary plateau.
The effective fall-off of 1/χ2 is responsible for determining the main properties
of a fully acceptable inflationary scenario.
This investigation shows that this simplest model leads to a desirable
amplitude of inflationary perturbations for m ∼ 7.75×10−6, in Planck units.
The inflationary parameters ns and r in this model are given by (at leading
order in 1/N)
ns = 1− 32N , r =
2(c−√3)√
26c(
√
3c− 6)N3/2
. (6.6)
Numerically, we find ns ≈ 0.975 and r ≈ 0.0014 for N = 60, in excellent
agreement with the leading 1/N approximation. We checked that the values
of ns remains approximately the same in a broad range of ζ, from ζ = 0.1
to ζ = 10. The value of the parameter r slightly changes but remains in the
10−3 range. As of now, all of these outcomes are in good agreement with the
data provided by Planck.
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Figure 6.5
The dynamical evolution of the inflaton field (blue line) in the model with
W = m(cΦ + 1), for ζ = 1. The adiabatic approximation of the effective potential (dashed
red line) and the contour plot of V (φ, χ) in logarithmic scale are shown as superimposed.
There is an initial stage of oscillations before the field approaches the inflationary
attractor, as well as the final stage of post-inflationary oscillations. However, during
inflation, which happens between these two oscillatory stages, the field accurately follows
the position of the adiabatically changing minimum of the potential V (φ(χ), χ).
However, this simplest inflationary model has a property which is shared
by all other models of this class to be discussed in this Section: supersym-
metry is strongly broken in the minimum of the potential. In particular, for
ζ = 1, the superpotential at the minimum is given by W ≈ 9×10−6, and the
gravitino mass is m3/2 ∼ 8.34 × 10−6, in Planck units, i.e. m3/2 ∼ 2 × 1013
GeV. This is many orders of magnitude higher than the gravitino mass pos-
tulated in many phenomenological models based on supergravity.
Of course, supersymmetry may indeed be broken at a very high scale, but
nevertheless this observation is somewhat worrisome. One could expect that
this is a consequence of the simplicity of the model that we decided to study,
but we will see that this result is quite generic.
6.2.2 Inflation and uplifting with a quadratic superpotential
As a second example, we will discuss the next simplest model, defined by
W = 12mΦ
2 . (6.7)
This case was one of the focuses of [159] and gives rise to a quadratic infla-
tionary potential. As we will demonstrate, perturbing such a superpotential
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by means of a linear and constant term, leads to general properties which are
shared by the class discussed in the previous section.
We will start by perturbing this model via a constant term such as
W = m
(
1
2Φ
2 + d
)
. (6.8)
The inflationary regime is unaffected by such correction and the scalar po-
tential still reads V = 12m2χ2, at φ = 0. However, the vacuum of V (φ, χ)
will move away from the supersymmetric Minkowski minimum, originally
placed at Φ = 0, but just in the φ-direction (because the superpotential is
symmetric). Then, for small parameter values, the minimum of φ moves as
φ0 =
√
6d−
√
3
2d
2 . (6.9)
This shift immediately leads to an AdS phase which, at small values of d,
goes as
Λ = −√3m2d2 , (6.10)
which is fully in line with the no-go theorem [200] summarized in the In-
troduction. These solutions do not break supersymmetry and they can be
obtained by the equation DΦW = 0. As |d| increases, such a SUSY vacuum
moves further away from the origin and, at one point, it crosses the singular
boundary of the moduli space. Then, if we search for numerical solutions
within the strip corresponding to the correct sign of the kinetic terms (this
means for |φ| . 0.15), we run into a feature which will be common also in
other examples: for specific values of d, the SUSY-branch of vacuum solu-
tions leaves the fundamental physical domain |φ| . 0.15 and it is replaced by
a new branch of vacua with broken supersymmetry. This is shown in Fig. 6.6.
However, as one keeps increasing the absolute value of d, φ0 approaches a
constant value which corresponds to an asymptotic AdS phase. Therefore,
perturbing W by means of a constant term does not help to uplift to dS.
As second step, we include a linear correction such that the superpotential
reads
W = m
(
1
2Φ
2 + cΦ
)
, (6.11)
where the coefficients are real due to the constraint on3 W .
Similarly to the previous case, the SUSY Minkowski vacuum is perturbed
by such correction and, at lowest order in c, it moves in the φ-direction as
φ0 = −
√
2c−
√
3
2c
2 , (6.12)
3Perturbing the superpotential by means of a linear term with imaginary coefficient such
as icΦ is equivalent to adding a positive constant c2. This is a direct consequence of the
shift symmetry of the Kähler potential.
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Figure 6.6
The value of the cosmological constant (left panel) in the minimum and its location φ0
(right panel) as a function of the constant term d in the superpotential (6.8). The two
branches of solutions (SUSY and non-SUSY), within the fundamental physical domain
|φ| . 0.15, are shown in different colors. At larger (positive or negative) values of the
constant, both the CC and the location φ0 level off to a constant. Plots obtained for
m = ζ = 1.
leading to a vacuum energy given by
Λ = −
√
3
4m
2c4 , (6.13)
Then also in this case, as |c| increases, such supersymmetric solutions move
towards the boundary φ ≈ ±0.15 and cross it. At the same point in pa-
rameter space, a new branch of non-supersymmetric solutions appears and,
remarkably, this results into a sharp increase of the scalar potential at the
minimum. In fact, this very quickly gives rise to a transition from AdS to
dS, as it is shown in Fig. 6.7.
The exact values for which these transitions happen are as follows. The
transition from SUSY to non-SUSY vacua occurs at (calculated for m = ζ =
1)
c = −0.118162 , c = 0.101918 , (6.14)
while the CC crosses through Minkowski at
c = −0.119318 , c = 0.102692 . (6.15)
Note that, at finite c values, the scalar potential passes through Minkowski.
In contrast to the ground state at c = 0, the new Minkowski vacua are non-
supersymmetric, and hence can be deformed into dS without violating the
no-go theorem. In fact, these non-supersymmetric Minkowski vacua are ex-
actly the type of structures that were identified in [200] as promising starting
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points for uplifts to De Sitter (although there the focus was on a hierarchy
of supersymmetry breaking order parameters for different superfields). A
minuscule deviation of c from (6.15) will be sufficient to obtain the physical
value of cosmological constant Λ ∼ 10−120.
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Figure 6.7
The value of the cosmological constant (left panel) in the minimum and its location φ0
(right panel) as a function of the linear term in the superpotential. The two branches of
solutions (SUSY and non-SUSY), within the fundamental physical domain |φ| . 0.15, are
shown in different colors. At larger (positive or negative) values of the coefficient c, the
location φ0 levels off to a constant while the CC approaches a quadratic shape. Plots
obtained for m = ζ = 1.
It is worthwhile to remark that the order of magnitude of the parameter c,
for which we get a tiny uplifting to dS, is small with respect to the coefficient
of the quadratic term in the superpotential (6.11). This translates into the
fact that the inflationary predictions will be basically unchanged with respect
the simple scenario with a quadratic potential. In fact, the scalar potential
in the direction φ = 0 reads
V (φ = 0, χ) = 12
(
1−√3c
)
m2χ2 +m2c2 . (6.16)
At χ . O(1), the field φ no longer vanishes and starts moving towards the
minimum of the potential. However, the main stage of inflation happens
at χ  c = O(0.1), when φ nearly vanishes and the inflaton potential is
approximately equal to 12
(
1−√3c
)
m2χ2. The main effect of this change
of the potential is a slight change of normalization of the amplitude of the
perturbations spectrum, which requires a small adjustment for the choice of
the parameter m:
m ≈ (6 + 5.2c) · 10−6 . (6.17)
However, even though the inflationary regime is essentially unaffected
by such a small correction, supersymmetry is strongly broken at the end of
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inflation, just as in the theory with a simple linear superpotential, discussed
in Sec. 6.2.1. This is a direct consequence of the no-go theorem discussed
above and of the impossibility of uplifting the SUSY Minkowski vacuum
(corresponding to c = 0) by an infinitesimal deformation ofW . In particular,
for values of c leading to a realistic dS phase (these values are extremely close
to (6.15), corresponding to non-supersymmetric Minkowski) and for ζ = 1,
we obtain the following: for positive c, the superpotential at the minimum
is |W | ≈ 3.4 × 10−8 and the gravitino mass is m3/2 ∼ 4.2 × 10−8, in Planck
units, i.e. m3/2 ∼ 1.0 × 1011 GeV; for negative c, the superpotential at the
minimum is |W | ≈ 3.8 × 10−8 and the gravitino mass is m3/2 ∼ 3.2 × 10−8,
in Planck units, i.e. m3/2 ∼ 7.6 × 1010 GeV. These values are again well
beyond the usual predictions of the low scale of supersymmetry breaking in
supergravity phenomenology.
6.2.3 Discussion
In this Section we have investigated the possibility to realize a model of
inflation and dark energy in supergravity. As an example, we considered
the class of single chiral superfield models proposed in [159]. The models
described in [159] share the following feature: The vacuum energy in these
models vanishes, and supersymmetry is unbroken. One could expect that
this is a wonderful first approximation to describe dS vacua with vanishingly
small vacuum energy Λ ∼ 10−120 and small supersymmetry breaking with
m3/2 ∼ 10−15 or 10−13 in Planck units. However, we have shown that this
is not the case, because of the no-go theorem formulated in [200]. While
it is possible to realize an inflationary scenario that ends in a dS vacuum
with Λ ∼ 10−120, these vacua cannot be infinitesimally uplifted by making
small changes in the Kähler potential and superpotential. One can uplift
a stable Minkowski with unbroken SUSY to a dS minimum, but it always
requires large uplifting terms, resulting in a strong supersymmetry breaking
with m3/2 many orders of magnitude higher than the TeV or even PeV range
advocated by many supergravity phenomenologists.
In our investigation, we also introduced a new model, which contained
only linear and constant terms in the superpotential. This superpotential
is simpler than those studied in [159], but we have found that this model
does describe a consistent inflationary theory with dS vacuum, which can
have Λ ∼ 10−120. However, just as in all other cases considered in this
Section, we found that supersymmetry is strongly broken after inflation in
this model. While we have analyzed only some specific cases in detail, our
conclusions apply to a much wider class of models, well beyond the specific
6.3 Arbitrary inflation and de Sitter landscape 119
models proposed in [159], because of the general nature of the no-go theorem
of [200].
Since there is no evidence of low scale supersymmetry at LHC as yet,
one could argue that the large scale of supersymmetry breaking is not nec-
essarily a real problem. However, it would be nice to have more flexibility
in the model building, which would avoid this issue altogether. One way to
get dS uplifting with small supersymmetry breaking, without violating the
no-go theorem, is to add other chiral multiplets (e.g. Polonyi fields), and
to strongly stabilize them to minimize their influence on the cosmological
evolution, see e.g. [231]. In certain cases, one can make the Polonyi fields
so heavy and strongly stabilized that they do not change much during the
cosmological evolution and do not lead to the infamous Polonyi field prob-
lem which bothered cosmologists for more than 30 years [233–237]. A more
radical approach, which allows to have a single scalar field evolution is to use
models involving nilpotent chiral superfields [161, 201–203, 228], which have
an interesting string theory interpretation in terms of D-branes [230]. This
framework will be investigated in the next two sections.
6.3 Arbitrary inflation and de Sitter landscape
In this Section, we intend to present how the addition of a nilpotent sector
allows us to evade the restrictions presented above in Sec. 6.2 and yield re-
markable simplifications, within a unified cosmological scenario of inflation
and dark energy. After reviewing the main properties of the nilpotent super-
field S, we show how to construct a general class of inflationary models with
de Sitter exit and controllable level of SUSY breaking at the minimum. The
Kähler geometry of these scenarios is flat thus allowing for arbitrary inflaton
potential, along the line of the general model presented in Sec. 5.2. Finally,
we comment on the relation between the supersymmetry breaking directions
and the fermionic sector of the supergravity action.
6.3.1 The nilpotent superfield
In the 1970s Volkov and Akulov (VA) [138, 214] proposed to identify the
neutrino with the massless Goldstino arising from supersymmetry breaking.
They derived the corresponding action which is invariant under non-linear su-
persymmetry transformations (see the recent investigations [238–240]). How-
ever, this idea was soon abandoned after the discovery of neutrino oscillations.
Later in [215–219], it was shown that VA Goldstino can be expressed
in the form a constrained superfield (see also the recent works [241, 242]).
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Specifically, it can be represented by a chiral multiplet S with the nilpotency
condition S2 = 0. We detail this below.
The unconstrained off-shell chiral superfield has the form
S(x, θ) = s(x) +
√
2 θ χs(x) + θ2FS(x) , (6.18)
where s(x) is the scalar part, χs(x) is a fermion partner and FS(x) is an
auxiliary field. It was shown in [219] that the nilpotent superfield S2(x, θ) = 0
depends only on the fermion χs, the VA goldstino, and an auxiliary field FS .
It does not have a fundamental scalar field, that is
S(x, θ)|S2(x,θ)=0 =
χsχs
2FS +
√
2 θ χs + θ2FS , (6.19)
since s(x) is replaced by χsχs2FS . For the nilpotent off-shell superfields the rules
for the bosonic action required for cosmology turned out to be very simple.
Namely, one has to calculate potentials as functions of all superfields as usual,
and then declare that the scalar part of the nilpotent superfield s(x) vanishes,
since it is replaced by a bilinear combination of the fermions. No need to
stabilize and study the evolution of the complex field s(x).
6.3.2 Arbitrary inflation, dark energy and SUSY breaking
Now we turn to the unified cosmological scenario, presented in [203], which
allows to obtain general inflaton potential and controllable level of dark en-
ergy and SUSY breaking.
The Kähler potential and superpotential are of the form
K = −12
(
Φ− Φ¯
)2
+ SS¯ , W = f(Φ) + g(Φ)S , (6.20)
where f and g are real holomorphic functions of their arguments and W
has the the most general form, provided S is nilpotent. Indeed, due to
the nilpotency of S and holomorphicity of the superpotential, W (Φ, S) in
Eq. (6.20) is the most general form of the superpotential depending on Φ
and S. This is analogous to the fact that an arbitrary function of a single
Grassmann variable θ can be expanded into a Taylor series which terminates
after 2 terms, F (θ) = a + bθ, since θ2 = θ3 = ... = θn... = 0. In our case we
have S2 = S3 = ... = Sn... = 0.
Within this class of models, the real part of the field Φ plays the role of
the inflaton, rolling down along S = 0 and Φ = Φ¯, and drives a potential
which reads
V = g(Φ)2 + f ′(Φ)2 − 3f(Φ)2 . (6.21)
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Note that the last two terms are exactly the ones appearing in (5.15), that
is, for a single superfield model (see Sec. 5.1.3).
After inflation, the journey of ReΦ ends into a minimum placed at Φ = 0,
provided the functions f and g satisfy
f ′(0) = g′(0) = 0 . (6.22)
The values of f and g at the minimum will allow for a wide spectrum
of possibilities in terms of supersymmetry breaking and cosmological con-
stant, along the lines of the string landscape scenario. Supersymmetry is
spontaneously broken just in the nilpotent direction4, namely
DSWmin = g(0) = M , DΦWmin = 0 , (6.23)
where we have introduced M as SUSY breaking parameter. Further, the
gravitino mass is given by m3/2 = f(0). The value of the cosmological con-
stant is equal to
Λ = g2(0)− 3f2(0) = M2 − 3m23/2 . (6.24)
The vacuum is stable if the masses of both directions, as given by
m2ReΦ(Φ = 0) = f ′′(0)2 +Mg′′(0)− 3m3/2f ′′(0) ,
m2ImΦ(Φ = 0) = f ′′(0)2 −Mg′′(0)−m3/2f ′′(0) + 2(M2 −m23/2) ,
(6.25)
are assured to be positive.
However, the generality of Eq. (6.21) does not assure always a viable
inflationary scenario. The negative term can be dominating at large value of
the inflaton field and not give rise to inflation. In the framework defined by
Eq. (6.20), a successful choice for the functions f and g is given by [202,203]
f(Φ) = β g(Φ) , (6.26)
with β being some constant. The specific relation (6.26) leads to a situation
where the negative contribution in (6.21) is exactly canceled when the min-
imum (6.24) is Minkowski and, then, by fine-tuning β = 1/
√
3. Then, the
scalar potential turns out to have the simple form
V =
[
f ′(Φ)
]2
. (6.27)
4This allows for a simplification of the fermionic sector of the supergravity action. Specif-
ically, in the unitary gauge, the gravitino interacts just with the fermion of the nilpotent
field leading to a simple version of the super-Higgs mechanism [202,203].
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Allowing for a small cosmological constant Λ ∼ 10−120 (then, having a tiny
deviation of β from 1/
√
3) does not change effectively the inflationary pre-
dictions. Other possible choices for f and g are discussed in [201,203].
This construction is quite flexible in terms of observational predictions
allowing for any possible value of ns and r. Nonetheless, the generality of
such construction relies on the relation (6.26) and turns out to be really
sensitive with respect to any other generic coupling between the inflaton
and the nilpotent sector. Moreover, the negative contribution of Eq. (6.21)
is balanced just if one assumes the observational evidence of a negligible
cosmological constant. A generic de Sitter landscape would yield important
corrections to such construction.
6.3.3 Fermionic sector after the exit from inflation
Now we will describe the fermionic sector of the theory. The generic mixing
term of the gravitino with the goldstino v can be expressed as a combination
of fermions from chiral multiplets χi such as
ψ¯µγµ v + h.c = ψ¯µγµ
∑
i
χie
K
2 DiW + h.c. (6.28)
In case of our two multiplets, we have that the inflatino χφ as well as the
S-multiplet fermion χs form a goldstino v, which is mixed with the gravitino
as
ψ¯µγµ v = ψ¯µγµ
(
χφe
K
2 DφW + χse
K
2 DSW
)
. (6.29)
Therefore, the local supersymmetry gauge-fixing v = 0 leads to a condition
v = χφe
K
2 DφW + χse
K
2 DSW = 0 . (6.30)
This leads to a mixing of the inflatino χφ with the S-multiplet fermion χs.
The action has many non-linear in χs terms and therefore the fermionic action
in terms of a non-vanishing combination of χφ and χs is extremely compli-
cated. For example, a non-gravitational part of the action of the fermion of
the nilpotent multiplet is given by
LV A = −M2+i∂µχ¯sσ¯µχs+ 14M2 (χ¯
s)2∂2(χs)2− 116M6 (χ
s)2(χ¯s)2∂2(χs)2∂2(χ¯s)2 ,
(6.31)
as shown in [219]. In supergravity there will be more non-linear couplings of
χs with other fields.
In our class of models where the only direction in which supersymmetry
is spontaneously broken is the direction of the nilpotent chiral superfield and
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DΦW = 0 the coupling is
ψ¯µγµχ
se
K
2 DSW |min + h.c = ψ¯µγµ χsM + h.c. (6.32)
and the goldstino is defined only by one spinor
v = χsM . (6.33)
The inflatino χφ, the spinor from the Φ multiplet does not couple to γµΦµ
since DΦW |min = 0. In this case we can make a choice of the unitary gauge
v = 0, when fixing local supersymmetry. Since M 6= 0 it means that we can
remove the spinor from the nilpotent multiplet
χs = 0 . (6.34)
The corresponding gauge is the one where gravitino becomes massive by
‘eating’ a goldstino. The unitary gauge is a gauge where the massive gravitino
has both ±3/2 as well as ±1/2 helicity states. In our models the fully non-
linear fermion action simplifies significantly since it depends only on inflatino.
All complicated non-linear terms of the form 1
M2 (χ
s)2∂2(χ¯s)2 and higher
power of fermions as well as mixing of the inflatino χφ with χs disappear in
this unitary gauge.
In particular, the fermion masses of the gravitino and the inflatino, at the
minimum, are simply
m3/2 = W0 = f(0) , mχφ = e
K
2 ∂ΦDΦW = f ′′(0)− f(0) = f ′′(0)−m3/2 .
(6.35)
Here we have presented the masses of fermions without taking into account
the subtleties of the definition of such masses in the de Sitter background.
This was explained in details for spin 1/2 and spin 3/2 in [243] in case includ-
ing Λ > 0. For example, the chiral fermion mass matrix mij = DiDjeK2 W
is replaced by mˆ ≡m +√Λ/3 γ0.
6.4 Attractors and de Sitter landscape
In this Section, we provide a unified description of cosmological α-attractors
and late-time acceleration. As in the case of flat geometry, previously dis-
cussed in Sec. 6.3, our construction involves two superfields playing distinctive
roles: one is the dynamical field and its evolution determines inflation and
dark energy, the other is nilpotent and responsible for a landscape of vacua
and supersymmetry breaking.
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We prove that the attractor nature of the theory is enhanced when com-
bining the two sectors: cosmological attractors are very stable with respect
to any possible value of the cosmological constant and, interestingly, to any
generic coupling of the inflationary sector with the field responsible for up-
lifting. Finally, as related result, we show how specific couplings generate an
arbitrary inflaton potential in a supergravity framework with varying Käh-
ler curvature.
6.4.1 Uplifting flat α-attractors
In the single superfield framework defined by
K = −12
(
Φ− Φ¯
)2
, W = f(Φ) , (6.36)
inflationary models with observational predictions given by (5.43) and in
excellent agreement with Planck were found in [94]. We have reviewed these
models in the previous chapter but we recall here some basics for convenience.
These are defined by
f(Φ) = e
√
3Φ − e−
√
3ΦF
(
e−2Φ/
√
3α
)
, (6.37)
where F is an arbitrary function having an expansion such as F (x) = ∑n cnxn
with
x ≡ e−2Φ/
√
3α . (6.38)
This class of models, being characterized by exponentials as building
blocks of the superpotential, manifestly exhibits its attractor nature through
the insensitivity to the structure of F . While the constant term c0 would
yield a de Sitter plateau V = 12c0, the first linear term would define the
inflationary fall-off typical of α-attractors, such as
V = V0 + V1e−
√
2
3αϕ + ... , (6.39)
at large values of the canonical scalar field ϕ =
√
2 ReΦ, with V0 = 12c0
and V1 = 16c1, the latter being negative. Higher order terms would be
unimportant for observational predictions.
This scenario can be naturally embedded in the construction discussed
in the previous section. A first step would be simply choosing (6.37) as
function f in Eq. (6.20). In fact, this represents a valid alternative to the
specific choice (6.26): it yields always a balance of the negative term in (6.21),
independently of the value of the uplifting at the minimum, and, interestingly,
it decouples the functional forms of f and g. As second step, one may notice
6.4 Attractors and de Sitter landscape 125
that, given the form of the scalar potential Eq. (6.21), any generic expansion
such as
f(x) =
∑
n
anx
n , g(x) =
∑
n
bnx
n , (6.40)
with x given by Eq. (6.38), would give rise to a fall-off from de Sitter analo-
gous to Eq. (6.39) with
V0 = b20 − 3a20 , V1 = 2b0b1 − 6a0a1 , (6.41)
and, then, yield the universal predictions (5.43).
It is remarkable that the attractor structure of the theory is enhanced
when combining the inflaton with the nilpotent sector. The inflationary
regime is very stable with respect to any deformation of the superpotential
and any value of the uplifting.
Within this construction, the condition (6.22) of a minimum placed at
Φ = 0 (x = 1) translates into
∞∑
n=1
nan = 0 ,
∞∑
n=1
n bn = 0 . (6.42)
Interestingly, the value of the cosmological constant at the minimum is
given by
Λ =
(∑
n
bn
)2
− 3
(∑
n
an
)2
, (6.43)
and then as a sum of the coefficients of the expansions (6.40) which, sepa-
rately, determine the gravitino mass and the scale of supersymmetry break-
ing, such as
m3/2 =
∑
n
an , M =
∑
n
bn . (6.44)
Stability of the inflationary regime in the imaginary direction is always
assured, for any value of α, as the condition is simply
|b0| > |a0| . (6.45)
In fact, the mass of ImΦ turns out to have a natural expansion at small value
of x (large values of ϕ) such as
m2ImΦ = 2(b20 − a20) +
4
3α [b0b1(3α− 1)− a0a1(3α+ 1)]x+ ... , (6.46)
that is an exponential deviation from a constant plateau. Interestingly, this
is the typical functional form of the scalar potential of α-attractors, where
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higher order terms do not play any role. During inflation, the ReΦ moves
along a valley of constant width. This phenomenon can be appreciated below
in Fig. 6.9, for a specific example. Stability at the minimum is model depen-
dent since, generically, the infinite tower of coefficients an and bn contribute
to the masses.
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Figure 6.8
Scalar potential of the model defined by Eq. (6.47) with α = 1 and uplifting equal to
Λ = {0, 0.1, 0.3, 0.5}.
The simplest example of such class of models is given by the following
choice:
f = a0 + a1x+ a2x2 , g = b0 . (6.47)
In fact, this is a minimum in order to have a deviation from de Sitter
typical of α-attractors, which comes from the linear term, and a non-trivial
solution of Eq. (6.42) to have a minimum placed at the origin, thanks to
the quadratic contribution. Higher order terms will not affect neither the
inflationary energy nor the characteristic fall-off, as it is clear from Eq. (6.41).
The scalar potential, for α = 1 and different amount of uplifting, is shown
in Fig. 6.8. Stability occurs along the full inflationary trajectory and also at
the minimum where both directions of Φ turn out to be stable, as it is shown
in Fig. 6.9. Analogous results hold for other values of α.
The addition of higher order terms both in f and g would allow for more
flexibility in terms of separation of the physical scales. In fact, whereas the in-
flationary regime would be absolutely insensitive to high order contributions,
the coefficients of these terms turn out to be fundamental in determining the
scale of SUSY breaking, the gravitino mass and the cosmological constant,
as given by Eq. (6.43) and Eq. (6.44).
6.4 Attractors and de Sitter landscape 127
-1 1 2 3 φ
5
10
15
20
mReΦ2 /V
-1 0 1 2 3 φ
5
10
15
20
25
30
mImΦ2 /V
Figure 6.9
Masses of the real and imaginary part of the field Φ for the model defined by Eq. (6.47)
with α = 1 and uplifting equal to Λ = {0, 0.1, 0.3, 0.5}. Both scalar parts are massive at
the minimum. During inflation, at large values the ϕ, the mass of ReΦ goes to zero while
the mass of ImΦ approaches a constant value as defined by Eq. (6.46).
6.4.2 Uplifting geometric α-attractors
The appealing property of the original formulation of α-attractors, as dis-
covered in [92,173,182], is the unique relation between the Kähler geometry
and the observational predictions (5.43). In particular, the logarithmic Käh-
ler potential fixes the spectral tilt while its constant curvature
RK = − 23α , (6.48)
determines the amount of primordial gravitational waves. However, these
original models require always the presence of a second superfield.
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Single superfield geometric formulations have been discovered in [94,162].
As shown in [94], they originate from a natural deformation of the well-known
no-scale constructions5 and they are defined by
K = −3α ln
(
Φ + Φ¯
)
, W = Φn− − Φn+F (Φ) , (6.49)
with power coefficients equal to
n± =
3
2
(
α±√α) , (6.50)
and F having general expansion F (Φ) = ∑n cnΦn which encodes the attrac-
tor nature of these scenarios.
This class gives rise to the flat α-attractors of the previous section in
the limit α → ∞ and, then, when the curvature becomes flat, as shown
in [94]. The procedure is the following: one performs a field redefinition such
as Φ → exp(−2Φ/√3α), an appropriate Kähler transformation and, in the
singular limit, one obtains canonical and shift-symmetric K and W equal to
(6.37), with F constant. On top of this, one adds exponential corrections
which returns the desired inflationary behavior.
In order to uplift the SUSY Minkoswki minimum of these scenarios, one
can add a nilpotent field which breaks supersymmetry and yields a non-zero
cosmological constant. The geometric analogous of the flat case, discussed in
the previous section, is given by
K = −3α ln
(
Φ + Φ¯
)
+ SS¯ , W = Φ
3
2α [f(Φ) + g(Φ)S] . (6.51)
In fact, along the real axis Φ = Φ¯ and at S = 0, this supergravity model
yields a scalar potential
V = 8−α
[
g(Φ)2 − 3f(Φ)2 + 4Φ
2f ′(Φ)2
3α
]
, (6.52)
which, when expressed in terms of the canonical field ϕ = −√3α/2 ln Φ,
coincides with the one obtained in the flat case Eq. (6.21), up to an over-
all constant factor. Furthermore, Eq. (6.51) reduces to Eq. (6.20) in the
5No scale models, as originally proposed in [165, 166], represent a good starting point
in order to produce consistent inflationary dynamics (see e.g. [170,172,176,185,244,245]).
However, the geometric models of this section emerge from a different construction which
naturally leads to stable de Sitter solutions and have scale depending on the parameter α
(see [94] for explicit derivation). The no scale symmetry is intimately related to a specific
value of the Kähler curvature (6.48) and it is restored just in the limit α→ 1.
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flat singular limit. The Kähler potential (6.51) parameterizes a manifold
SU(2, 1)/U(1)×U(1) and related analysis with similar settings are performed
in [175,176].
The correspondence between the scalar potentials of the flat and the
geometric construction (for the single superfield case it was proven in [94]) is
remarkable as it allows to identically assume the whole set of results, from
Eq. (6.40) to Eq. (6.46), found and described in the previous section, provided
one identifies
x ≡ Φ . (6.53)
The functions f and g can be assumed to have generic expansion (6.40) and
the inflationary behavior will be of the form (6.39). However, in this case,
the fall-off will be governed by the curvature of the Kähler manifold which
depends on the parameter α. The minimum, placed at Φ = 1, provided
f ′(1) = g′(1) = 0 , (6.54)
will have uplifting equal to (6.43), gravitino mass and SUSY breaking scale
given by (6.44) and, again, supersymmetry broken just in the S direction, as
given by
DSWmin = g(1) = M , DΦWmin = 0, . (6.55)
Remarkably, the condition on the stability of the inflationary trajectory
turns out to be the same of the previous section. At large value of the
canonical field ϕ, the mass of ImΦ is positive when Eq. (6.45) is satisfied,
independently of the value of α. This represents a considerable improvement
with respect to the single superfield case defined by (6.49) which is stable
just for α > 1 [94]. Furthermore, the mass of ImΦ approaches a constant
value during inflation as given by (6.46), up to an overall constant.
6.4.3 General inflaton potential from curved Kähler geome-
try
We have so far developed a general framework in order to obtain inflation
together with controllable level of uplifting and SUSY breaking at the min-
imum when the Kähler geometry is curved and defined by Eq. (6.51). We
have proven that generic expansion of f and g gives rise to α-attractors with
cosmological predictions extremely stable.
On the other hand, also in this context, it is possible to make the specific
choice (6.26) and consider the geometric analogous of the class of models
introduced in [202,203] and reviewed in Sec. 6.3. Then, the Kähler potential
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and the superpotential read
K = −3α ln
(
Φ + Φ¯
)
+ SS¯ , W = Φ
3
2αf(Φ)
(
1 + S
β
)
. (6.56)
The choice β = 1/
√
3 gives rise to a scalar potential with a Minkowki mini-
mum. Along Φ = Φ¯ and S = 0, one has (up to an overall constant factor)
V = 23αΦ
2f ′(Φ)2 , (6.57)
which, in terms of the canonical scalar field ϕ reads
V = f ′
e−
√
2
3αϕ
2 , (6.58)
where primes denote derivatives with respect to the variables the function
depends on. Then, one can implement an arbitrary inflaton potential, inde-
pendently of the value of the Kähler curvature which is parametrised by α.
Related results for the case α = 1 were obtained in [176]. In the case of a flat
Kähler geometry the works [169,202,203] developed analogous constructions.
Within this setup, one can implement even a quadratic potential V =
1
2m
2ϕ2 by choosing
f(Φ) = 3α m
4
√
2
ln2(Φ) . (6.59)
The properties at the minimum remain the same as in the flat case of
Sec. 6.3. Then, a small deviation of β from the value 1/
√
3 yields the desirable
tiny uplifting which reproduces the current acceleration of the Universe.
6.4.4 Discussion
In this Section, we have provided evidences for the special role that α-
attractors would play in the cosmological evolution of the Universe. In the
simple supergravity framework consisting of two sectors (one containing the
inflaton and the other controlling the landscape of possible vacua), any ar-
bitrary expansion of the superpotential would yield automatically such in-
flationary scenarios. We have obtained these results both in the case of a
flat Kähler geometry, as given by Eq. (6.20), and in the case of the loga-
rithmic Kähler as defined by Eq. (6.51) where the geometric properties of
the Kähler manifold determines the observational predictions. In this latter
case, the overall factor Φ 32α in W can be removed by means of an appro-
priate Kähler transformation (this choice makes the shift symmetry of the
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canonical inflaton ϕ manifest even in the case of a logarithmic Kähler po-
tential, as pointed out in [196]). However, one would lose immediate contact
with string theory scenarios as the form of K would change consequently. In
this respect, polynomial contributions to the superpotential, typically arising
from flux compactification, would be possible if
α = 23n (6.60)
with n integer. In particular, the simple choice n = 1 would give
K = −2 ln
(
Φ + Φ¯
)
+ SS¯ ,
W =
(
a0Φ + a1Φ2 + ...
)
+
(
b0Φ + b1Φ2 + ...
)
S ,
(6.61)
where dots stand for higher order terms in Φ (see [133] for a recent analysis of
this class of models in the context of supplementary moduli breaking super-
symmetry). Then, the minimal addition of a nilpotent sector with canonical
K to the class proposed in [94] leads to a simplification of the original super-
potential (6.49) and enhancement of stability of the inflationary trajectory,
which now occurs for any value of α (see [196] for a discussion on the con-
nection between curvature and stabilization).
We have shown that cosmological α-attractors are absolutely insensitive
with respect to any value of the cosmological constant and to the coupling
between Φ and S. The plateau and the fall-off turn out to be extremely stable
with respect to generic deformations of the superpotential (similar stability
can be observed in some examples of [198]). These scenarios would arise
naturally in any possible Universe, independently of the amount of dark
energy. In this regard, cosmological attractors seem to be fundamentally
compatible with the idea of Multiverse and landscape of vacua.

7
Conclusions
We conclude this thesis by discussing the main results obtained and pro-
viding an outlook on future perspectives and possible developments.
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7.1 Overview of the results
The main focus of this thesis has been inflation and its intricate connections
to UV-physics scenarios. This primordial cosmological phase allows us to
effectively probe energies well beyond what any particle accelerator could
ever achieve. It provides a great physics arena where to investigate and
eventually test our most speculative theories.
We have been particularly interested in extracting generic features of the
inflationary mechanism, beyond the specific details of the model at hand.
This is important as CMB data allows us to probe just a very limited region
of the inflationary trajectory (we have explained this in Ch. 3 and in Ch. 4).
Specifically, we have investigated some of those aspects which are of utmost
relevance for a proper embedding of the inflationary paradigm into a complete
framework of UV-physics. The results have turned out to be very exciting:
• On the one hand, in Ch. 4 we have shown that focusing on universality
properties of inflation can yield surprisingly stringent bounds on its dy-
namics. First of all, a large set of inflationary models can be organized
in universality classes depending on their observational predictions. This
is simply a direct consequence of the small sensitivity cosmological ex-
periments have over the whole inflationary trajectory. Secondly, we have
investigated the regime where this ignorance becomes of crucial impor-
tance for a variable depending on the entire expansion period, such as
the inflationary field range ∆φ. While we have provided explicit examples
where a measurement of ns and r correspond to a wide spectrum of values
∆φ > MPl (see [60] and Sec. 4.4), we have also demonstrated that the in-
flaton range generically exhibits universal behaviour in the sub-Planckian
region (see [79] and Sec. 4.5). In other words, given a point in the (ns, r)
plane, there is a unique estimate for ∆φ < MPl. It is then very remarkable
that knowledge about a small portion of the inflationary trajectory turns
out to be enough in order to infer basic properties of a region not accessi-
ble via CMB measurements. The inflaton excursion becomes a function of
both the tensor-to-scalar ratio r and the spectral index ns. This novel and
universal dependence has allowed us to strengthen the usual Lyth bound of
two order of magnitudes. One has sub-Planckian field ranges and can safely
work within an EFT of inflation just for very small values r . 2 · 10−5.
• On the other hand, one would like to find a satisfying theoretical under-
pinning to explaining why the spectral index ns and the tensor-to-scalar
ratio r take the values they do. In Ch. 5, we have proven that non-trivial
Kähler geometries, typically arising in string theory compactifications, un-
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equivocally determine such observables. This is in a nutshell the upshot of
α-attractors: the parameter α controls the curvature of the moduli space
and, with it, the amount of primordial gravitational waves; the value of
the scalar tilt tends automatically to the “sweet spot” of Planck, no matter
the details of the superpotential. The Kähler geometry basically induces
an attractor for observations. We have then taken our investigation in
the direction of proving the generality of this attractor mechanism, in-
dependently of the other fields involved. This definitively represents an
important step towards a consistent string theory realization where many
moduli appear naturally. The fundamental nature of this phenomenon ap-
pears indeed to be related to the novel α-scale supergravity construction
which we originally discovered in [94] and, then, presented in Sec. 5.4. We
have thus proved that the attractor mechanism is independent of the spe-
cific direction of SUSY breaking but rather related to the Kähler structure
of the inflaton sector.
• Finally, the possibility of obtaining a pure de Sitter phase in supergravity
by means of a sole nilpotent superfield [221–226] and its relations to D-
brane physics [230, 246, 247] acquires particular relevance in the light of
constructing a unified framework for inflation and dark energy. We have
indeed proved that coupling the inflaton sector with a nilpotent superfield
has very striking implications. First of all, it allows to evade the restrictions
imposed by the no-go theorem of [200] on the possibility of uplifting a SUSY
Minkowski minimum (see [160] and Sec. 6.2 for a detailed investigation).
Secondly, it greatly simplifies the inflationary dynamics and allows for
remarkable phenomenological flexibility (see [203] and Sec. 6.3). However,
the greatest surprise actually appears again in the context of α-attractors:
in [95] and in Sec. 6.4, we have indeed shown how such a coupling leads to
an enhancement of the attractor nature of the theory.
7.2 Outlook
The inflationary paradigm has turned to be one of the best and most concrete
physical scenarios providing a wonderful testing ground for ideas in quantum
gravity. The results of this thesis have proven that there is a remarkable in-
terplay between actual cosmological predictions and deep theoretical aspects
characterizing a complete framework of UV-physics.
In particular, our investigation has focused on the generic properties of
inflation when this is embedded in a supergravity setting. Then, one may
wonder whether this study is enough in order to constrain the physics of
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Figure 7.1
The subset of the suitable supergravity constructions for inflation (yellow slice) intersects
the subset of the effective supergravities arising from string theory compactifications
(labeled by ST). This provides a very useful guidance for the implementation of the
inflationary paradigm in string theory.
inflation in string theory, being this the ultimate goal. We have been taking
the following approach. On the one hand, it is certainly true that consistent
string theory compactifications will form just a subset of the full spectrum
of supergravity possibilites (e.g. when these are expressed in terms of K and
W ). On the other hand, not every supergravity theory will generically allow
for a consistent inflationary dynamics. In fact, we have provided compelling
evidence of the restrictions the internal Kähler geometry and SUSY break-
ing directions may lead on the viability of inflation. Therefore, the subset
of supergravity models suitable for inflation will intersect the subset of the
proper string theory compactifications, thus yielding important guidance for
a consistent cosmological construction within this ultimate theory of Nature.
We have graphically condensed this discussion in Fig. 7.1.
The discovery that hyperbolic Kähler geometries make the particular de-
tails of the specific model insensitive to the final phenomenological result,
thus inducing an attractor, is rather intriguing. Yet more remarkable is the
fact that the cosmological predictions are given by
ns = 1− 2
N
, r = 12α
N2
, (7.1)
in terms of the number of e-folds N , thus being at the center of the Planck
dome [13, 14]. This belongs to a region in the (ns, r) plane which seems
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to be very appealing from the theoretical viewpoint. Higher order terms of
the Ricci scalar in a pure gravitational Lagrangian, such as the Starobinsky
model [184] and its supergravity realizations [170–172,185–187], lead to (5.43)
with α = 1 (by including an auxiliary vector field one can vary the value of
α [248]). Further, models with non-minimal couplings, such as Higgs inflation
[188] and the universal attractor model [91], yield identical observational
predictions. Interestingly, the peculiarity of such a region translates into a
common denominator being a pole of order two in the kinetic term of the
inflaton [93]. Finally, investigations on the excursion of the inflaton field
reveal a change of its behavior just around the region defined by (5.43) (as
shown [60,79] and in Ch. 4).
A consistent realization of the attractor mechanism within string the-
ory still awaits to be discovered. Several delicate issues must be tackled in
order to have full control of the model, once embedded in this rich physi-
cal framework. These problems include the divergence of the kinetic term
inside the moduli space, the correct identification of the inflationary modu-
lus, the interactions of the latter with the other moduli (see e.g. the recent
works [249,250]) and others. Nevertheless, certain approximate stringy incar-
nations already exist [117,251,252]. These definitively raise very good hopes
for successfully reaching this important goal. We look forward to facing this
exciting challenge in the very near future.
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